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The investigation presented in this thesis is concerned with the 
effect of size segregation on the bulk density of coal in a model coke oven 
as a function of different operating variables.
In the first part of the investigation, basic experiments were carried 
out with binary mixtures of coal particles received from Kembla Coal &  Coke 
Pty. Limited. The results show that there were no corresponding relationships 
between the bulk density and size segregation because of the differences in 
microstructure of the mixture, and that the multiple charging point system 
gives higher in-bin bulk density than the single point system does. The 
distribution of bulk density and size segregation in the model coke oven at 
different heights were plotted as an aid in further understanding the influence 
of charging height.
In the second part of the investigation, the experiments were 
conducted with coal mixtures of continuous size distribution and different 
moisture content and oil additions by using Quadratic Regressive Orthogonal 
Design of experiments. The investigations were mainly concentrated on the 
effects of size distribution, moisture content and oil addition. For the 
influence of moisture on size segregation and bulk density, the results 
obtained were at variance with those reported in the literature. The addition
of oil had very significant effect on size segregation and bulk density. 
The results also showed that bulk density and size segregation were 
very sensitive to the amount of coarse and fine coal in the feed mixture.
Regression equations are given which describe the quantitative 





In modem metallurgical industry, coke is still the primary raw 
material, but the coke quality required is now much higher than before. It is 
well known that the quality of coke depends to a large extent on the bulk 
density of coal charge that can be obtained in the coke oven. For example, it 
has been reported[45] that the mass of a charge loaded into an oven in a 
loose or non-uniform state, sometime occupies only 50-65%  of the oven 
volume. The most progressive modem methods of increasing bulk density are 
compaction of the charge by tamping, partial briquetting, preheating, etc. 
However, adoption of these methods in practice requires a high capital 
investment. One of the methods not involving significant costs is to improve 
the non-uniform size distribution of the coal charge in the oven, that is 
minimizing the size segregation of the coal powder.
Fig. 1.1 Typical Free Surface Size Segregation
It has been found that, when a particulate mixture with multi-size 
particles is subjected to any kind of motion, the particles of similar properties 
tend to separate themselves from rest of the mixture[84]. This phenomenon is
3 0009 02881 8685
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called segregation. Segregation occurs whenever there is a directional motive 
force acting on the particles of different properties, hence it can happen at all 
stages o f handling of a granular mixture. Figure 1.1 shows a typical 
free-surface segregation. In coke oven operation, since the geometrical and 
shape factors and true density of coal mixture are almost constant, the 
segregation of the bed would depend on the size composition, that is the 
non-uniformity of the bed resulting from size segregation.
Although some work[20,27,38,52,6i,66,79] has been done on 
improving the quality of a coal charge, the major effort was devoted to 
improvements of the discharging system and only a few investigations were 
devoted to other methods. Panchenko et-al[58], for example, reported a method 
of increasing bulk density by optimizing the charge granular composition and 
Mitchell[52] reported that the moisture content and chemical or oil addition 
could minimize the size segregation of coal. However, the question of how the 
. foregoing parameters together influence the bulk density of coal does not 
appear to have been reported in the literature.
The purpose of this study, therefore, was to investigate the above 
question with particular reference to the effects of size segregation on the bulk 






A common, everyday sight is that of a free-flowing stream of 
granular solids, such as sand or coal, to form a heap on the ground. The 
slope of the heap represents the repose angle of the material. When the 
pouring stream of particles contains multi-size particles, the finest particles 
remain under the pouring point and the coarsest ones, those with the size and 
energy to roll the full slope of the heap, come to rest at the bottom edge. 
Hence, this phenomenon, called size segregation, presents a fairly efficient 
system for separating a blend of granular materials.
The deleterious effects of segregation are well known in preparing, 
transporting, storing and burning coal. Unless adequate precautions are taken, 
the tendency of a consignment of coal to segregate at each stage in its history 
minimizes the efficiency of the utilization of coal. That means the inefficient 
operation in the preparation plant can result from the uneven distribution of 
size in the coal feed, and this in turn reacts on the uniformity of the 
products, in regard to both size and impurities. Size segregation of fine coal 
in a storage pile increases the possibility of spontaneous combustion. Size 
segregation, occurring in filling bunkers or ovens, results in an uneven size 
distribution in the containers which decreases the efficiency of appliances, 
particularly those that require uniform sizing. For example, an uneven size 
distribution in the coke oven affects the quality of coke, since such uneven 
size distribution of coal can cause excessive coking and uneven distribution
6
of bulk density and strength of coke.
Since the work of Brown[i3] who gave an early qualitative 
explanation of segregation in 1939, much work has been done to study the 
mechanism of segregation and how to minimize its influence in the bulk 
material handling. Nowadays, many investigators[i3,38,84,93] agree with the 
conclusion that there are two general types of segregation:
1. Segregation in pouring heaps.
2. Segregation due to vibration.
and that not only the properties of material, but also the properties of 
discharging and storing system can affect segregation. VanDenburg and 
Bauer[84] have tabulated the factors affecting segregation directly:
A. grain size distribution
B. nominal grain size
C. particle shape




H. angle of repose
I. resistance to agglomeration




C. slope of hopper wall




H. filling location and method
I. discharge point and method
It is also agreed generally[78,84,90,9i] that the particulate segregation 
will occur whenever the differences of particle properties or directional motive 
force, such as vibrational, gravitational, rotational, exist. Many efforts have 
been devoted to find out the influences of material properties on segregation 
behavior. But almost all of the experimental work was carried out with 
binary mixtures of regular shape particles, so these results, therefore, cannot 
be used to predict the complicated situation in practice.
2.1.1 Physical Mechanisms
In 1939, Brown[i3] divided segregation into two main types, that is 
free-surface segregation and segregation due to vibration. For free-surface 
segregation, he considered that the mechanism was the collisions between 
particles flowing onto the heap and those forming the free surface, and he 
suggested that four types of collisions were possible:
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1. A small particle striking a large particle of identical density 
would be brought to rest and push the large one a small 
distance down the slope.
2. A large particle striking another large particle would cause both to 
move away from the initial line of fall onto the surface.
3. A small particle striking another small particle would push the 
latter a short distance down the slope.
4. A large particle striking a small particle would cause the latter to 
be dislodged and either to be moved towards the periphery or 
to be buried in the heap.
As the consequence of these collisions, small particles would be given either 
small or large velocities and large ones would attain a more uniform velocity. 
Then, he considered the rolling of particles down the surface of a cone. 
The surface is an effectively irregular inclined plane, the average height 
protuberances being less than the diameter of a large particle. So, down such 
a plane, large particles would roll and slide more easily than small ones and 
move further outwards from pouring point. High velocity small particles on the 
surface would be more likely to strike large ones and brought to rest, and 
those with low velocity would rest close to the feed point. He also stated that 
the impact of the stream on the heap would enable small particles to fall 
through the interspaces formed by large particles. Sherrington[70] also used this 
mechanism to analyse the size segregation in his researches.
W illia m s[88,89] gave a quite different mechanism. Instead of 
collisions, he considered the interparticle percolation and large particles rolling
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down to the periphery as the prime segregation factors. He hypothesized that, 
when a small heap had been formed, further material reaching the top rolls 
down an inclined surface in which there are many holes of the same order of
size as the diameter of the bigger particles, the small particles will tend to
drop into these holes preferentially. The bigger particles that are unable to 
sink into these holes, on the other hand, will tend to roll or slide down to
the bottom of the heap. He also believed that, when a steady stream of
material is discharged on the top of pile, the particles near the surface are 
kept in a state of agitation and act as a screen through which the small 
particles can pass and the coarser ones can not pass through and roll to the 
bottom of slope.
Lawrence et-al[48] have proposed a similar explanation for free surface 
segregation. They concluded that segregation occurred by the fine particles 
filtering down through the moving powder mass. As a result of filtering of 
fine powder, an excess of coarse particles moves to the outer layers of 
powder. Syskov et-al[80] disagreed with Lawrence's explanation and stated that, 
when particles rolled down the inclined surface, the small particles were already 
hindered by the protuberances on the surface or were caught by cavities. 
Hence, 'they proposed that segregation was mainly caused by roughness of the 
surface. Mathee[49] and Johanson[38] had a similar view. They also argued 
that, although the large particles might be able to breakthrough the mass, the 
percolation by small particles was predominant.
However, the conclusions obtained by Drahun and Bridgwater[23,24] 
quite disagreed with all the explanations mentioned above. These authors 
concluded that free surface segregation occurs not only by interparticle
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percolation, but also by avalanching and particle migration. They defined the 
larger or lighter particles as "floaters” and smaller or denser ones as 
"sinkers". They stated that sinkers concentrated around the pouring point by 
percolation, whereas floaters rose to the surface by particle migration and were 
found at the far end of the surface, and avalanching would affect both of 
them.
2.1.2 The Effect of Independent Variables
Many researches were focused on the influence of the factors which 
have been tabulated earlier. It is also generally agreed[93] that almost all the 
different properties among particles can cause the segregation. But, there are 
two quite different opinions about which influence is the more significant, 
particle density or particle size.
Williams[92,93] considered that difference in particle size, density, 
shape and resilience could, under certain circumstances, produce segregation, 
but all the available evidence showed that he difference in particle size is by 
far the most important. In particular, he stated that, contrary to the
expectation of most people, density difference was comparatively 
unimportant.
Harris and Hilden[32] made similar conclusion that the particle size 
was the most important factor controlling free surface segregation. They
considered that segregation could be largely minimized if  the particle size were
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limited to a narrow size range. Lawrence et-al[48] and Brown et-al[i4] also 
suggested that particle size was far more important than density, and the same 
result was obtained by Fowler[26] in his experiments.
Drahun et-al[23] argued that, for free surface segregation, both 
particle size and density had equal importance. They found, in their 
experiments, that both denser and small particles concentrated near the pouring 
point, and lighter or large ones were found at the far end. Syskov[80] and 
Holmes[36] reported similar results. Drahun and Bridgwater[23] considered that 
Williams's conclusions could be true for vibration or strain-induced 
segregation.
However, perhaps the difference between large and small particles 
which Drahun et-al[23] used in their experiments is not large enough (the 
ratio was only 3.48), and was almost same as the ratio of density(2.84). But 
as VanDenburg et-al[84] and Bischer[iO] pointed out that, in practice, the 
variation in particle density is generally only several fold, and at most, not 
more than 10 to 1. On the other hand, size variation in a typical mixture can 
be as much as 100 to 1, or even 1000 to 1. They also agreed that effective 
particle density alone had little significance. So from this point of view, 
Drahun et-al's[23] conclusion may not be quite correct. However, the density 
will be significant when coupled with size difference, according to Olsen 
et-al[56] and Promoda[59]. Based on the experimental results obtained with 
binary mixture of sodium perborate tetrahydrate and standard detergent, Harris 
et-al[3i] summarized the relative effects of particle size and density of 
sodium perborate tetrahydrate on its ability to segregate from a standard
detergent base in the three-dimensional diagram shown in Figure 2.1, i.e., 
only the bulk density and particle size of sodium perborate terahydrate were 
changed, and those of standard detergent were kept constant. The diagram 
shows that the region where segregation is low is clearly a valley, and 
the particle size for minimum segregation increases with bulk density.
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Fig. 2.1 Effect of Particle Size and Density on Segregation^l]
Some authors[23,48,93] reported that the shape of particles normally 
has very limited effect on segregation process, unless shape difference is 
extreme. But Viswanathan et-al[85] reported that segregation would occur on 
the basis of particle shape. They built an inclined rotating disc to collect 
spherical shape particles from the mixture of spherical and angular particles, 
and found that, on an inclined rotating disc, spherical particles could roll in 
a straight line and could be recovered at the near end, whereas angular ones 
took a circular path and could be collected at the far end. Shinohara[74]
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and Rippie et-al[65] concluded that the more angular particles behave just 
like smaller particles in size segregation. But in practice, particle shape is not 
separable either from size geometry or from surface friction. The surface 
friction and geometrical shape are quite important in determining the 
interparticle percolation[9], so particle shape, sometimes, could affect 
segregation process in mixtures quite significandy.
However, the results obtained by VanDenburg et-al[84] w ere  
contradictory to all of the results mentioned above. They found that the 
needle-like or acicular particles can help to minimize the segregation. Because 
they appear to lock themselves more readily together in the nature of jack 
straws, which causes a restriction in particle movement and thus impedes 
size separation.
For other properties, Mathee[49] recommended a theoretical model in 
. which the segregation would be possible on an inclined surface if the 
following condition was satisfied (applying to both sliding and rolling):
T an  “ large panicle <  T a n  Y <  T a n C C ^ , ^
Where y is the angle of inclined surface and a  is the angle of repose of 
particles.
So, in this case, when small particles still remain stationary, the 
large particles have rolled down to the bottom of surface and the local mixture
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will become separated. This may give quite pronounced segregation. 
Johanson[38] also reported that a pronounced segregation did occur in his 
experiments with uniform size particles, when there is difference in repose 
angle of components in the mixture.
A large number of papers[7,is^2,76,92] in the literature reported the 
effect of moisture content on segregation. But only Mitchell[52] mentioned that 
oil addition could reduce segregation; unfortunately, he did not give any 
further explanation about it. For the moisture content, Williams[93] reported 
that, for a free-flowing sand, the addition of 2% by weight of water could 
reduce the coefficient of segregation from 10% to less than 10%. A similar 
effect was obtained for the quality of mixing obtained in a mixer. The addition 
of 1% by weight of water to sand reduced the standard deviation of sample 
compositions from about 30% to less than 5%. However, the results obtained 
by Butes[is] showed some difference. A mixture of two kind of ore 
containing 45%  return fines and 6% coke was used in his experiments. It 
was found that the segregation of carbon remained virtually constant in the 
mixture with 8% and 10% moisture. But as moisture was increased to 12%, 
there was a remarkable deterioration of carbon segregation.
In addition to the properties of discharging system, Drahun[23] 
reported that, as free-fall height increases, large particles have increased 
momentum and thus are more likely to break through the free surface and enter 
areas which are unaffected by avalanches. Conversely, for small particles, the 
increased momentum causes them to bounce off the free surface, thus 
preventing them from resting in hollows on the surface and hence preventing 
them from percolation. So he considered that increase in free-fall height can
15
result in a more uniform mixture being obtained during pouring. But the result 
of Lawrence and Beddow[48] was slightly different. They concluded that, in 
general, increasing height of drop reduces the segregation. In fine particles 
mixes for same material, since the coefficient of resilience is low and mixing 
resulting from bouncing is limited, so, in these cases, segregation is 
independent of the height of drop.
Also, the intensity of segregation depends on the way the particles 
are handled, the initial conditions imposed on them and how the material 
comes out from hopper or bunker. Clague et-al[20] characterized three types 
of filling:
A. Even filling: powder mixture is poured throughout the cross
section of the hopper evenly.
B. Side filling: the mixture is poured near a side wall and forming
an inclined plane.
C. Cone filling: the mixture is poured in the centre of the hopper or
bunker. '
Among these three types, only even filling can give a homogeneous dispersion 
of the material. For the way of material discharging, there are two types of 
flow: mass flow and core flow. In mass flow, the segregation almost does not 
occur because there are no dead zones in the sides[2], and the situation in
core flow is converse.
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2.1.3 Theoretical Models and Kinetics
In 1967, Mathee[49] first tried to quantify the segregation on a 
slope in terms of the sliding or rolling motion of a single particle on the basis 
of physical laws. Based on the energy balance motion of particle down to the 
bottom of the slope, the following equation was obtained:
H * c o s26 * (  1 - |i/Tan6)
L = -------------------------------- (2.1)
Where L is the distance which particle can move from the foot of 
slope.
H is the height of the slope.
6 is the slope angle.
}l  is the frictional coefficient.
From Equation (2.1), he concluded that, when there is only sliding friction, 
large and small particles will travel the same horizontal distance. In the case of 
rolling friction, the distance L is found to be dependent on the particle 
diameter. The resulting equation is given by





Where R is particle radius.
f  is coefficient for rolling friction.
According to Equation (2.2), large particles are able to travel a longer distance 
than small particles if the particles move at least in part by rolling.
A B
c v
Fig. 2.2 Models of Combination of Heavy and Light Components[82]
Tanaka[82] developed a "Push Away" model to describe the 
segregation on the basis of density difference. The model considered two 
dimensional arrangements of three touching spheres, one on the top of other 
two, as shown in Figure 2.2 (a). For the sake of simplicity, he assumed that 
the bottom two spheres had same density and that a symmetrical axis could 
pass through the center of top one perpendicular to the horizontal plane. That 
meant the segregation was symmetrical about the axis. Figure 2.2 (b) shows 
four type of combinations. Tanaka asserted that the relative distances moved by 
heavy and light spheres as a result of the upper sphere forcing apart the
FEED
i
Fig. 2.3 Idealized Segregation Process[72)
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lower pair, were based on the magnitude of the limiting coefficient of friction 
the value at which motion commences, between the lower spheres and the 
surface beneath it.
Shinohara et-al[72~75] proposed another model predicting the extent 
of segregation arising from the difference in size, density and shape. It is 
called "Screening Model". According to this model, they described the 
segregation process as follows: When the particle mixture is poured and 
flows down on the solids heap, small particles start to be separated from 
the mixture by passing through the interspaces of large particles framing the 
flowing layer of particles, I, as shown in Figure 2.3. Then the small particles 
which have passed through the flowing layer and reached the stationary heap 
surface flow down on the surface together with and under the separated flowing 
large particles and drop into the gaps formed by the stationary layer of large 
particles under the flowing layer. This segregation process continues during 
one cycle of the heaping process, and the stationary layer of large particles is 
gradually packed to be full of small particles separated from the flowing mixture. 
The same heaping with segregation is repeated while filling the hopper. When 
one particles layer has just formed, small particles having passed through the 
layer, I, are packed into two regions, IE, and IV, small particles passing through 
the layer, I, are left in a triangular zone due to constant velocities; and a very 
thin layer of small particles, II, remains between the two stationary layers of 
large particles. Finally, they defined the degree of segregation as shown in 
Equation (2.3), and considered that it can be direcdy estimated as functions of 
the hopper geometry, material properties, and the operating conditions.
19
Ls
Degree of segregation = 1 ------
.......................  Lh
(2.3)
where Ls and are defined in Fig. 2.3.
Based on the experimental results, Drahun et-al[23,24] proposed 
following equation to describe the concentration of tracer particles at a distance 
(L - S) from pouring point shown in Figure 2.4.
Fig. 2.4 Schematic Diagram of Drahun et-al[23] Experimental Apparatus
c s
I n ------- -  -K * In ---------- (2.4)
C0 L
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Where C : the concentration of tracer at distance (L - S) from 
pouring point.
C0: the initial concentration of tracer in the feed mixture.
K : constant which depends on the size and density ratio 
of tracers to the bulk particles.
L : the distance from pouring point to wall.
S : the distance from wall to where the tracers came to rest.
In early 1960's, Olsen, Rippie and Faiman[25,56,64,65] first 
introduced the concept of chemical reaction to describe the mixing and 
segregation in a mixer. They thought that, similar to the reversible reaction, a 
system of particle mixture can be represented by:
ki
MIXED STATE ===== SEGREGATED STATE
k 2
They found that such system follows the first order reaction law, and 
can be written as:
Log (S - Se) = k * T (2.5)
Where S : standard deviation of sample at time T.
Se: standard deviation at equilibrium.
21
k : rate constant
It was found, from experimental results, that the rate constant k varies with the
size and density of particles as shown in Figure 2.5. Where Vj and Vs are the
particulate volumes of the large and small spheres, respectively. It is apparent 
from this graph that a distinctly nonlinear interaction occurs between size and 
density. When the larger particles are more dense, the segregation rate falls off 
at higher particulate volume ratios, and the reverse is noted in the case of 
more dense-smaller systems.
Fig. 2.5 First-order Rate Constant, k, Versus the Ratio of the Difference
in Particulate Volume, (Vj - Vs) [64]
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However, these approaches are idealized and mainly concentrate on 
one physical phenomenon and ignore the others. For example, in his model, 
Mathee[49] only considered the sliding and rolling of particles, and ignored the 
possibility of interparticle percolation. But all of them have equal importance 
for free surface segregation. For his “Push Away" model, Tanaka claimed 
that there was good agreement between theory and experimental results. 
However, he used an arbitrary length scale to accommodate the experimental 
results to his theory, and he did not test the generality of the model by 
altering the slope length.
So, as a conclusion, it is seen that the theoretical model may be 
oversimplified. Hence, generally, these models can not give any help to solve 
the problem of segregation in practice, because, as Drahun[23] concluded, 
analytical attempts have found it hard to model the key features of free 
surface segregation.
2.1.4 Methods of Reducing Size Segregation in Practice
Many efforts[7,27,52,60,68,84] have been made to reduce the effects 
of segregation in practice, especially in coal industry. But almost all of them 
concentrated on improving the discharging system or the geometric shape of 
bins and charging methods, since segregation occurs to at least some degree 
whenever a material is put in motion and then deposited on a pile. 
Consequently, reclaim systems should also be rated for their ability to remix
23
solids during handling and transfer. So proper design can alleviate this 
problem to some extent[39].
To minimize segregation, Spain[76] suggested a number of 
procedures which may be used singly or in combination:
1. If possible, secure raw materials having better matching grain
sizes.
2. Alter the rate of feeding into the mixed batch elevator.
3. Alter size and installation angle of transfer chutes so as to 
change flow characteristics.
4. Reduce or increase delivery conveyor speed.
5. Relocate entrance openings in the storage bin.
6. Increase the number of entrance points into the storage bin.
7. Alter the shape of the storage bin incorporating sides with angles 
nearer vertical.
8. Install vertical and horizontal baffles in the storage bin to prevent 
long cross flow and cause a more uniform descent of the batch 
level over the entire horizontal area of the bin.
W illiams[88] stated that the most obvious way to avoid the type of 
segregation that occurs when a heap of powder is formed, was to pour the 
material in such way that no sloping surface would be formed. Another 
compromise could be effected by pouring the powder into the bin not from a 
single pouring point but from a number of points. This is the same 
suggestion as point No. 6 in the proceding list given by Spain[76]. It
24
should be noted that, with this procedure, segregation was not prevented from 
occurring, but one large segregation pattern would be broken up into a 
number of smaller segregation patterns, so the influence would generally be 
much less pronounced.
circular bin as shown in Figure 2.6, in which the large cone had holes for
the small size particles to drop through and then travel down over the sides 
of the inner cone and mix with the large particles which had been deflected 
inward by a circular deflecting plate. Mitchell[52] considered that this 
arrangement was fairly effective for center-filled bins.
The second method was using chutes to distribute the coal throughout 
the bin. In the avalanche chute, as shown in Figure 2.7, transverse retarding
Mitchell[52] proposed two methods of reducing the free surface 
segregation in bins. First was a double conical distributor at the top of a
Fig. 2.6 Double Cone Distributor[52]
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angle A and inclined avalanche plates B were placed, a bed of small particles 
was retained by each angle and served both as a cushion and as a protection 
to the plate against abrasion. Each avalanche plate held back a mass of 
material until a sufficient weight and volume was built up to carry the mass 
over the ' plate. The effect was a series of avalanches which in properly 
designed chutes did not overflow the chute until arrested at the level of 
bin fill.
Fig. 2.7 Avalanche Chute(52]
Since segregation is caused by a series of physical processes during 
charging and discharging of hoppers, their combined effects can either increase 
or decrease the total effect[62]. Some researches[23,38] have shown that a 
small change in the feed material resulted in significant change in the bed 
formed, hence segregation at any stage is largely affected by the segregation 
in the previous stage. It has been suggested[i,2 0 ,30,63] that using mass flow 
discharging system could, in most cases, satisfy any requirement to minimize 
the segregation of material before it enters the bin.
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Garve[27], on the other hand, suggested putting partitions inside the 
bin, in other words, to divide the bin into small sections and to fill each 
section separately. By inspection of Spain's list, referred to earlier, this 
suggestion is similar to point No. 8 in that list.
VanDenburg[84] considered that a successful technique for minimizing 
segregation was to use some type of spreading device, such as a travelling 
tripper, movable nozzle etc, to fill a storage unit uniformly. Clague and 
Wright[20] concluded that, besides using mass flow hopper and avoiding side 
filling. The segregation also could be minimized by instituting a topping-up 
filling procedure whereby the discharging bin was never allowed to become 
more than one-third empty. They also stated that segregation could possibly be 
further reduced by using wedge rather than conical bunkers and "even" rather 
than "cone" filling.
In 1982, Gutschpo] recommended a new approach of segregation 
control which involves the augmentation of existing hoppers with multiple 
ports as shown in Figure 2.8. In this method, the cross section of the bin is 
subdivided into a number of similar discharge zones, and the outlets of these 
zones are connected by internal flow channel to the inlets of a patented 
volumetric proportion device. So material is drawn from each zone 
simultaneously and reblended.
Although many authors have found that size segregation cannot be 
eliminated completely no matter what methods are used, Bagster[7] thought that 
the possibility could still exist of eliminating segregation by addition of a
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small amount of water. Although this may not be practicable in all cases, it is 
conceivable with an ore or coal.
Fig. 2.8 The Existing Hopper with Multiple Ports[30]
From the literature review, it is quite clear that there is still no 
quantitative relationship available, at this stage, for the segregation of particles 
and its effective variables, and the effects of interaction of the variables on 
segregation. Present situation, therefore, is still similar to Brown and 
Richards'[i4] conclusion in early 1970's, i.e., that there is still not sufficient 
understanding of the phenomenon of segregation to allow a prediction of the 
effects of segregation in the practical circumstances. Additionally, since size 
segregation largely relies on not only the properties of the granular mixture
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and the discharging system involved, but also the scale and geometric shape of 
bin or bunker and the operating condition, means that different results may be 
obtained with different bins and different operating procedure.
§2.2 Size Segregation Behaviour in Coke Oven
2.2.1 General Discussion
As mentioned before, the segregation behavior of a mixture depends 
on its particular properties and the properties of the operating system. 
Developing a general segregation model requires a proper understanding of the 
flow behavior of a particulate material[i2], and it is necessary to consider all 
the properties and their effects. Unfortunately, it has been realized that it is 
very difficult to develop an analytical model to predict the size segregation 
as a function of the operating variables, even when keeping the particulate 
properties constant, because all the properties have an interaction with one 
another and have different effect on segregation under different conditions. 
It is also the reason why the models available to-date were developed on the 
basis of binary mixtures with standard shape particles and limited to very 
specific conditions. Even empirical models, such as the model proposed by 
Miwa[53] etc, do not cast much light on the general behaviour of 
segregation.
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However, at this stage, it is still possible to discuss segregation 
semi-quantitatively under certain circumstances, and develop a statistical model 
for certain purpose on the basis of experimental conditions and some 
assumptions, such as, for example that of Bharadwaj[9] who developed a 
statistical model to predict the size segregation from the PW Top as a 
function of operating variables. It is also one of the major study of this 
research, which could be helpful for the coking plant to improve the 
quality of coke.
2.2.2 Segregation in Coke Oven
The charging of the coke oven or its laboratory model is quite 
different from pouring a heap on the ground. The main differences are:
First, there are two material streams involved in charging the model, 
so two heaps will form at the same time. When materials travel down to the 
bottom, at one side they will experience the wall resistance and be divided 
sharply into two regions, the region of high concentration of faster particles 
at the wall and the low concentration region away from it[6]. At the other 
side, i.e. between two heaps, the material will strike each other. This situation 
will certainly affect the segregation pattern and result in much more 
complicated free-surface size segregation. The obvious influences are that the 
material streams would not go down the heaps continuously and 
simultaneously. When pouring a heap on the ground, the angle of the heap is 
constant and always equal to the angle of repose, so materials can move
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continuously. But the situation in the model is different. When coal is charged 
into model and forms a heap, the angle of heap is smaller than the angle of 
repose, so further falling down materials will stop and accumulate at the top 
of heap. The angles of heap on both sides will increase as the material 
accumulates. As these angles become the angle of repose, the further 
accumulating material will have enough energy to overcome the resistance of 
one side angle of repose( it is impossible to break the angle of repose of both 
sides at the same time because the energy requirement may be much higher), 
so the accumulating material would avalanche down to the bottom of the 
slope. Suppose that the material moves down to the wall side first, so a 
continuous layer builds up from the wall to the charging point covering the 
whole flow surface. When more and more material falls, the layer near the 
wall proceeds to minimize the angle of slope until no more material goes 
down to the wall. Further accumulating material at the top will result in the 
breakage of angle of the slope to the centre. So, the behaviour of particles 
will be a stop and start motion.
Secondly, in a heap forming on the ground, the coarse particles 
travel as far as they can. In the model, this motion is largely limited by the 
wall and the adjacent heap. The material streaming down the slope will 
strike either the wall or the material streaming down from adjoining heap. 
This may result in some changes of normal heap properties, such as 




In order to be able to compare and evaluate different operating 
conditions, it is necessary to establish the criteria for assessing the quality of 
mixing[69]. It is quite obvious that samples of a mixture will always have 
some variance in the composition, because if the sample only consisted of one 
particle, the mixture would be completely segregated. On the other hand, if the 
sample was made up of the whole mixture, the mixture would be always 
uniform. In real life, the composition of samples lie within these two 
extremes.
Any method used for assessing mixture quality has to fulfil a 
number of requirements[69], that is, it should:
(A) have some physical significance with regard to the process under 
investigation or to the mixture application,
(B) be sufficiently sensitive to changes in the state of mixing,
(C) be unambiguous,
(D) be applicable to different systems, as far as possible,
(E) cause no disturbance of the mixture under investigation,
(F) require the minimum of experimental effort,
(G) be mathematically and statistically rigorous.
This list only suggests the factors which should be taken into account, and 
the relative importance of these factors will depend upon the investigations in
hand.
For simplicity of application, a single figure description of mixture 
quality is desirable and most of the methods proposed in the literature are of 
this type. Many methods, which describe the quality of mixing or degree of 
segregation in the mixture, are based on the composition analysis of a 
number of equi-sized small samples of mixture either taken in situ or 
removed from the mixer by some device. The precise geometric locations of 
the resulting composition values is usually unknown, so the mixture quality is 
derived from the sample composition, the mean composition, the average 
weight of the samples and the size distribution o f the components. A 
representative list of the indices for assessing the quality of mixing is given 
in Table 2.1 [69].
Some indices (1 ,  2 and 4 in Table 2.1) indicate an improvement in
TABLE 2.1 Commonly Used Mixing Indices
Author Ref. no. M ixing Indices Change of Index 
with improving
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Where M: mixing index or variance due to mixing,
s : observed between-sample composition standard deviation.
°o : theoretical
standard deviation in the unmixed state,
a : theoretical standard deviation of a random mixture,r
c,cr: coefficients of variation of observed and random mixtures, 
x02: observed chi squared for mixture, 
xr2: expected chi squared for random mixture,
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xs2: expected chi squared for unmixed state.
mixture quality with a decrease in proportion of the minor ingredient. Thus, it 
will apparently be easier to mix a more dilute mixture than a more concentrated 
mixture. However, Hersy[34] disagreed with this conclusion and pointed out 
that the indices given by Poole et-al[6i] and Ashton[4] showed opposing 
tendencies in relation to the effect of concentration, so these indices were not 
particularly suitable for comparing mixtures of different composition.
There are also some other mixing indices used in different situations. 
For studying the segregation, Harris et-al[32] defined a degree of segregation 
as follows:
M
Si = I  [ an - 25] 
n=1
(2.6)
Where a is percentage of one component in the M samples, and Xan = 100. In 
their study, Harris et-al[32] used M = 4.
Williams et-al[92] used following coefficient of segregation in then-
research:
w cr - w cb
C = -----------------*100%  (2.7)
W CT + WCB
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Where WCT is the proportion of coarse particles in the top half and WCB is the 
proportion of coarse particles in the bottom half.
Mathee[49] recommended a segregation criterion as follows:
n
X I Bj I
i= l
fE = ----------------- * 100% (2.8)
G
Where Bj = x H - x2i. xH is coarse component, x2i is fine component and G is 
total stored quantity.
In order to obtain a convenient segregation index, Jenike[37] 
describes the motion of a particle of weight W, (Figure 2.9) in the directions 
x and y, respectively, and shows:
dx W d2x
_K ----  = ----------  (2.9)
dt g dt2
dy W d2y
W - K ----  = ------------  (2.10)
dt g dt2
Integrating Equation (2.9) and Equation (2.10) for initial conditions, he obtained 
a final segregation index as
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w 1
K 2 X( )0-5 _
H *g H*v,
(2.11)
Where W is the weight of the particle.
K is the coefficient of resistance.
H is the falling height.
X is the distance of horizontal motion of particle, 
g is the gravitational acceleration.
vQ is the horizontal velocity.
Fig. 2.9 Schematic Motion of A Particle[37]
Jenike(3 7 ] considered that the index in Equation (2.11) is a
property of the particle: it combines the influence of the weight, size and shape 
of the particle, and materials which possess components with widely differing
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coefficient W/K wjn tend to segregate under conditions of free fall with a
horizontal component of velocity. For the free-surface segregation, he used 
the same index, which could have large value for the large, heavy and 
more spherical particles.
However, in most cases, many authors[i6,3i,64,8i] prefer to use the 
standard deviation a  as a suitable criterion, that is:
/ 1 n
a  = V ---- X (X; - x ) 2 (2.12)
(n-1) i= l
Where n is number of samples, xi is measured value, x is desired value.
However, not all the mixing indices are suitable for the present 
research, because of the practical requirement that the index be simple, 
sensitive and able to be used to describe the sample individually. For 
example, most of the indices in Table 2.1 are very complicated and time 
consuming; usually, they are used to assess the quality of a mixture. The 
index proposed by Harris et-al(Equation 2.6) is also very complicated when 
the number of samples is larger than five. Williams et-al's index(Equation 2.7) 
only can be used when the whole heap is treated as one sample, and 
Mathee’s index (Equation 2.8) is only suitable for the case when the number 
of components is less than three. By contrast, the standard deviation from the 
mean size is quite simple, sensitive and easy to be compared with each 
other. Hence, this index was considered as the most appropriate index for
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quantifying size segregation in the present study.
§2.4 Sampling Techniques
In studying the mixing of powders, it is necessary to know the
composition of a mixture at a large number of points throughout its volume in 
order to describe the distribution of the components adequately. It is also 
preferable that the samples are obtained with minimum disturbance. But the 
following sampling errors, either or both, still may be present in any given 
analysis[43]. These are:
A. Random fluctuations.
B. A constant bias in the results introduced by faulty design of 
the sampling technique.
A completely reliable sample must be representative of the bulk from 
which it is taken in every detail; that is , the sample and bulk must be 
identical in particle size, character, and frequency, and in moisture content, 
density, and chemical composition. The sample must also be a convenient 
quantity of material to handle: too large a quantity results in waste and 
inefficiency, and a sample that is too small will not be reliable[40].
Care must be given toward the purpose for which the reliable sample 
is obtained, since this affects the sampling device. For example, a sample
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taken for size analysis of the particles must not be broken in handling. 
Similarly a sample for moisture content must be removed from the bulk into 
moisture-tight containers, and a sample for chemical analysis must be 
protected against contamination.
In general, many sampling techniques can be used to satisfy the 
requirements of measuring the state of mixedness of powder. Most of these 
techniques can be catalogued as follows:
A. Probe Technique.
B. Continuous Sampling Technique.
C. Tube and Solidifying Techniques.
T R A N S P A R E N T  s l e e v e
P H O T O C E L L
O U T P U T
l i g h t  s o u r c e
M I R R O R  L I G H T
cuioe
Fig. 2.10 Side Sampling ProbePO
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A. The most common method of sampling in this category is the side 
sampling thief probes as shown in Figure 2.10[4]. The principle is that, after 
the probe is inserted into the mixture, the aperture is opened at the side of 
probe, materials then flow down into it under their own weight. The aperture 
is then closed before the probe is removed from the mixture. The 
disadvantage of this kind of probe is that it disturbs the mixture very much, 
and segregation also could occur during the flow into the aperture. Thus it 
would misrepresent the composition of the sample. Hence, as Ashton et-al[3] 
pointed out, such probe is only limited to relatively free flowing materials.
Fig. 2.11 End Sampling Probe[57]
Orr et-al[57] developed and end sampling thief probe( in Figure 2 . 11 )  
which overcome the problems of side sampling probe. The improvement of 
this probe is that the samples were removed from the undisturbed mixture so
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that the error from sampling can be reduced.
2 y. b a t t e r y
Fig. 2.12 Diagram of Light Probe and Associated Equipment [3]
Several investigaters[3,28,33] reported a light probe for assessing the 
mixtures, as shown in Figure 2.12. The principle of the operation is based upon 
the components being mixed having different reflectivities. Light emitted from 
the end of the probe is partly reflected by the mixture and the intensity of the 
reflected light is measured by a photocell situated in the probe. The 
digitized photocell outputs are recorded automatically. Because the proportion 
of light reflected from the mixture is a function of the local composition, so 
the local composition of mixture can be determined by converting the
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photocell outputs.
In order to minimize the influence o f disturbance by inserting a 
probe, which is directly proportional to the square o f the probe diameter, Kay 
et-al[42] recommended the fiber optics probe shown in Figure 2.13, of 
extremely small cross section. The probe consisted o f a steel-walled tube 1.09 
mm in diameter which had a centrally located pick-up fiber surrounded by 
illuminated fibers leading to a bulb. To permit light reflection from the powder, 
a 0.46 mm thick glass window, slightly larger in diameter than the steel tube, 
was cemented to the tip. Light reflected from the pow der was collected by the 
central pick-up fibers and transmitted to a photodetector. The probe was inserted 
into the powder by an automatic drive unit.
Fig. 2.13 Fiber Optics Powder Probe[42]
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Standish[77] used a similar probe called permeability probe. When 
the mixture is assessed, the air is introduced into the mixture, the back 
pressure of air due to resistance surrounding mixture is converted into 
electrical voltage, this voltage is then used as a measurement of local 
composition in the mixture.
B. Roberts[66] reported high speed cinephotography to study the flow of 
millet seeds in perspex rectangular cross-sectional chutes. This technique can 
be used to study the behavior of individual particle in a mixture set into 
motion, quantitatively.
Tuzun et-al[83] used a rear illumination technique to observe the 
voidage changes, both with respect to time and location, in the flow fields 
produced by glass ballotini. The procedure was to put a powerful light source 
behind the transparent bin, then the photographs were taken from the front 
side. But it is obvious that the application of this technique is limited to 
transparent bins and solid particles.
McCabe[50] used a radio-isotope tracer technique to measure the 
particle trajectories in the converging flow zone. The trajectories were traced by 
using gold isotope coated in cement grout to simulate the bulk material. The 
movements of tracer were followed by a mobile isotope scanner. This method 
can be widely used in studying the percolation velocity of small particles, or 
sliding and rolling velocity of large particles by selecting a suitable size of the 
tracer particles.
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Shinohara[72] reported a photocell technique to measure the 
segregation in a mixture flowing out of the hopper. The principle was same as 
that of an exposure meter for camera. A parallel light beam produced by a 
lens was reflected by the particle surfaces and collected through a slit with a 
CdS cell. The intensity of reflected light was converted into a variation of 
resistance of the cell in an electrical bridge. The photocell output was 
calibrated by using mixtures of known mixing ratio. Thus, moving the detector 
in parallel with the heap surface, the segregation pattern was readily drawn 
on a sheet of recording paper.
C. Several authors[5,8,82,91] reported a tube sampling technique operating on 
the principle of removing the sample by tubes from mixture. First one is to 
remove a core of material in the tube from the mixture and the material is 
subsequently divided by sectioning the tube. The second one is inserting 
hollow tubes in the mixture and vacuuming the sample contained inside the 
tube or removing the whole mixture except the mixture in the tubes, then 
collecting them later, Figure 2.14 shows a similar technique used by Bagster[5] 
and Tanaka[82]. In this technique, each cylinder is pushed into the particle 
layer to collect a sample, after the rest of the particles are removed from 
the hopper, the sample taken in each cylinder can be pushed out, in turn, by 
a piston and the sample removed through the hopper base opening. The third 
one is a multi-shovel attached on a rod at different heights for collecting 
the samples at different height of the mixture.
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Fig. 2.14 Details of Sampling Spot and Procedure[82]
The solidifying technique was used by some investigators[46,5i,7i] 
in their researches. The principle is that the complete mixture is divided 
into small samples by solidifying a fluid introduced into the mixture and 
cutting it into small pieces or partitioning in a tray. Then the segregation can 
be measured by photography or sieving analysis of different pieces or 
partitions of the mixture.
From the above discussion, it is quite clear that, the probe 
technique results in a large disturbance in the mixture and limitation of 
number of samples. Additionally, the samples collected by the probes are 
often misrepresented in composition of samples. For continuous sampling, 
such as rear illumination technique[83], radio-isotope tracer technique[5i] and 
high speed cinephotography[66], the application is limited because of special 
conditions required, for example, transparent bin and particles, small 
thickness of stream etc[83]. Also sometimes the results are not reliable. Of 
course, the high costs also influences application of these techniques. But
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so far, they are still more desirable in the practical work as they provide 
the ready-made information on segregation without interfering with the 
process[9].
For the research purposes, the solidifying and tube sampling 
technique are often preferable. The advantage of solidifying technique is that it 
does not disturb the mixture much, the sampling is complete and composition 
of adjacent samples can provide the variance and sample size relation. So it 
can provide good information. But the problem is that this technique is 
extremely time consuming, expensive and difficult, especially with small 
samples, and the introduction of a fluid into the mixture would limit the 
relative flowing of coarse powders. The tube sampling can provide quite good 
samples if there is no flowing material during sampling and also it is quite 
cheap and fast as well. But if the diameter of tube is very small, insertion of 
the tube will disturb the mixture near the tube wall and the sample will be 
mispresented. So the selection of a proper tube diameter is very important.
From above comparision, it was decided to use the tube sampling 
technique in the present work because it is convenient, fast and cheap. The 
proper tube diameter was selected on the basis of the size of coarse particles 





It is quite common in the experiments, specially those involving 
particulate materials, that the results of repeated experiments under same conditions 
are quite different from each other. This variance comes from two mainly 
different sources[44]:
1. The errors made in the measurement of magnitude of the 
variables.
2. The effects of the unaccounted variables ignored by the investigator. 
The effect of each variable is not significant, but the effects of
their interaction may be very significant when they are put 
together. So the more uncontrollable the variables are, the greater 
concern is needed to take their effects into account.
There are many ways to improve the experimental results; most 
common and useful methods are catalogued in the following[2i,54]:
A. Selecting a proper experimental design: There are many statistical 
experimental designs available depending on the conditions of 
experiment, the model for the data analysis and practical 
requirments. The optimum design provides not only a good 
control of the unaccounted variables, but also reduces the number 
of experiments and measurements to a practical minimum.
B. Refinement of experimental treatments: This can be obtained by
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standardizing the experimental technique, the apparatus and 
the measurements.
C. Increasing the number of experiments: It means reducing the 
number of unaccounted variables and providing more replicates. 
But increasing the number of measurements will result in more 
experimental errors.
In this investigation, in order to reduce the random error, all the 
measurements were standardized. Because the purpose of this study is to find 
the relationship between bulk density and size segregation, and the behaviour 
of size segregation as a function of size distribution, moisture content, oil 
addition and free-fall height, it is very difficult to conduct the experiments 
with so many variables in one stage, especially as the variables have different 
levels. So the sequential design is used, which means the experiment is 
divided into two parts. In this study, two different types of design were used 
and it was expected that the experimental results would provide enough 
information about the effects of each variable. The two types of design are 
Latin Square Design and Orthogonal Regressive Design.
3.1.1 Latin Square Design
As shown in Table 3.1, a 3*3  Latin Square Design[44] was used 
for the first stage experiments.
In Table 3.1, H is the free-fall height, and B.M represents the 
binary size mixture. Their subscript indicates different level of height and
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binary size mixture. 1 to 9 indicates the order of experiments.
Table 3.1 BLOCK FOR L.S. DESIGN
1 H 1 h 2 h 3
B M 1 1 1 2 3
b .m 2 I 4 5 6
b .m 3 I 7 8 9
The Latin Square Design has two advantages when there is no 
interaction between factors[95]:
1. Among the three experiments of factor H at all levels, the 
influences of B.M on the experimental results can offset each 
other.
2. The differences, among three experimental results at same level 
of one factor, only result from the effects and random errors 
of another factor.
The disadvantage of Latin Square Design is that it requires each 
factor to have equal number of levels and no interaction between factors, and 
it also requires the total number of experiments to be equal to the square of 
the number of levels.
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3.1.2 Quadratic Regressive Orthogonal Design
This design is composed of orthogonal 2n factorial experiments 
and the experiments for adjusting the orthogonality of design and repeated 
experiments, so it is also called "confounding design". The block diagram of 
three factors composing design is given in Table 3.2[22].
Table. 3.2 The Block of 3 Factors Composing Design
No. * 1 x2 x3
1 1 1 1
2 1 1 -1
3 1 -1 1
4 1 -1 -1
5 -1 1 1
6 -1 1 -1
7 -1 -1 1
8 -1 -1 -1
9 r 0 0
10 -r 0 0
11 0 r 0
12 0 -r 0
13 0 0 r
52
cont.
14 0 0 -r
15 0 0 0
Where X p X2 and X3 indicate three variables. Test No. 1 to 8 represent 2n
factorial experiment, 1 and -1 are two levels of variable. Test No. 9 to 14
is for adjusting the orthogonality, r is unkown variable which can be 
adjusted according to experimental requirement. Test No. 15 is repeated 
experiment.
There are many advantages for the experimental plan by using 
composing design, which can be listed as follows[22]:
1. It is divorced from passive situation of classical regressive
analysis. All the experimental points can be chosen on the 
basis of the purpose of experiment and the requirement of data 
analysis. So that not only the results, obtained from each
experimental point, contain the maximum information, but
also the property of statistical analysis is much better than 
that of classical one.
2. The number of experiments of this design is much less than those 
of three levels factorial experimental design, but it still retains 
enough freedom.
3. Because this design is obtained on the basis of linear regression, 
so it is very convenient for the researcher, If linear regression is 
not significant, just on this basis, the quadratic regressive 
equation can be obtained by supplementing some experiments 
according to the composing design.
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§3.2 Preparation of Materials
In order to be able to prepare the feed mixture of required 
composition, the sieve analysis of the coal received from Kembla Coal &  
Coke Pty. Limited was carried out. The screening was performed in a 
laboratory sieve shaker(Haver &  Boecker EML 200) by placing 440 grams of 
the original coal on the top sieve of a stack of sieves. Previous tests showed 
that the sample weight used is suitable for sieving analysis this coal. The 
screening was carried out for about 30 minutes at the vibration amplitude dial 
setting of 6 which is optimum value for this shaker, and the materials were 
collected from each screen. The results of sieving analysis and size distribution 
are given in Table 3.3 and Figure 3.1.
Table 3.3 The Results of Sieving Analysis
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Fig. 3.1 The Size D istribution o f  O riginal Coal
B ased  on the size d istrib u tio n  show n in  F igure  3.1, th ree size 
frac tio n s o f  coal, i.e. 1400-1000({im ), 500-250(jim ) and 125-63(jim ), w ere 
se lec ted  to  be used in the first set o f  experim ents. T he m ean sizes o f  these 
size  frac tions are: 1200(jim ), 375(fim ) and 94(}im).
4
Fig. 3.2 Size D istribution for D efining Particulate Index
Fig. 3.3 C o n tin u o u s V ib ra tin g  S ie v e
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For the second set of experiments, in order to investigate the effect 
of size distribution, on the basis of sieving analysis, the size distribution was 
divided into four parts as shown in Figure 3.2 and three Particulate Indices
Pip PI2  and PI3 were defined as follow:
PI, = x4/x3 ■------- Coarse Index (3.1)
PI2  = (X4+ X 3) / X 2 --------Powder Index (3.2)
PI3 = ( X ^ X ^ X ^ / X j --------Fine Index (3.3)
Where Xj + X2 + X3 + X4 = 100. The sieving work for the second set of
experiments were carried out on a continuous vibrating sieve shown in 
Figure 3.3.
$3.3 Experimental Apparatus
3.3.1 Experimental Model and Hoppers
A two-dimensional model and two mass flow hoppers were used 
in experiments as shown in Figure 3.4. The model was a scaled down 
industrial coke oven, of dimension: L*H *W  = 1.0*0.5 *0.05(m ). The 
hoppers could be fixed at three different heights, 1.0, 0.5 and 0.0 (m).
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Fig. 3.4 Two-dim ensional M odel and M ass Flow  H oppers
3.3.2 Anciliaries
1. S ieves and S h a k e r. T he A B IC H E M  B S -41 0-85  standard  test 
s ieves w ere  used  fo r sieving analysis. T he sieve sh aker was H aver & 
B o ec k e r E M L : 230, Volt. 50Hz, 09 A m p, Fabr. No. 7254, they are show n 
in  F ig u re  3.5.
5 8
Fig. 3.5 Laboratory Sieves and Shaker
2. The weighing Balance T he d ig ita l ba lance  used fo r w eighing  
w as M E T T L E R  PC  16: 240 V olt, 50H z, the m in im um  w eight is 0.1 and 
m ax im u m  is 16 Kg. The sensitivity is ± 0 .1 .
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§3.4 Sampling Procedure
In o rder to obtain the size segregation  and  bu lk  density  at the same 
tim e, th e  steel sam pling tubes(60  m m ), as show n in F igure 3.6, were 
used to w ithdraw  the samples. S ince the height o f  the m aterial bed is known( 
the w id th  o f  the m odel), so the vo lum e o f  coal in the tube can be calculated 
by m u ltip ly ing  the section area o f  tube  by the h e igh t o f  bed, therefore the 
bu lk  density  is obtained. F igure 3.7 show s the d istrib u tio n  o f  sam pling points, 
and F igure  3.8 is a photograph taken before  sam pling.
Fig. 3 .6  S a m p lin g  T u b e s
Fig. 3.7 Distribution of S am pling  P o in ts
Fig. 3.8 P hotograph  T a k en  B e fo re  S a m p lin g
6 1
A t the beginning, a sam pling  unit, as sh ow n  in F igure 3.9, w as 
u sed  fo r  co llecting  the sam ples. It consisted  o f  a  v acu u m  pum p, a perspex  
cy lin d e r, stand and connecting ru b b er tubes. S oon  a fte r testing , it w as found 
th a t too  m uch  fíne pow der w as lost because o f  v acu u m  suction. So it w as 
rep lac e d  by a  different procedure. T he p roced ure  w as; a fter the m odel was 
la id  dow n  and unscrew ed, the steel tubes, in se rted  in to  the bed very gently, 
w ere  m o v ed  to the edge o f  m odel w ith the sam p le  in side . A container w as 
u sed  fo r co llec ting  the sam ple at the edge. T h e  on ly  d isadvan tage o f  this 
p roced u re  w as tim e consum ption.
YiMre Mesh
Fig. 3.9 Sam ple C ollection U nit
62
§3.5 Experimental Method
3.5.1 Experiments with Binary Mixtures
According to the experimental condition, the Latin Square design 
could be given as follows:
Table 3.4 The First Set Experimental Plan
\  H
Size of MixtureX 0 .0 0.5 1.0
1200 - 375 1 2 3
1200 - 94 4 5 6
375 - 9 4 7 8 9
The coal of two sizes in equal amount was mixed by hand in a bucket and 
the mixture was then placed gently into the hoppers with the outlets shut. 
The weight percentage of each size fraction of this binary mixture was 
fifty percent.
After discharging the material into the model, polystyrene beads were 
used for filling into the surplus space to prevent the motion of the material 
when the lid was secured and the model was laid down. Then the samples
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were collected step by step as described in §3.4. The results were obtained 
by weighing and sieving the samples.
3.5.2 Experiments with Continuous Size Distribution,
Moisture and Oil Addition
Based on the condition of model and operating practice, the 
Particulate Indices were varied from 0  to 3, moisture content and oil addition
was varied from 0 to 10% and 2 0 (L/T) respectively. According to the theory 
of Quadratic Regressive Orthogonal design, all the parameters could, therefore, 
be calculated. From the theory of fractional replication^], we have:
r4 + 2pa * r2 - 2 P'2 * (P + 0.5 m0) = 0 (3.4)
Where mQ: number of replicate experiments, which was defined as 
two.
P : number of factors, which equals to 5. 
r : unknown variable.
Solving Equation (3.1) gives r = 1.7 when m0 = 2. Therefore, the 
value of zero level and adjustment can be given as follows: 1
1. The Particulate Indices
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Z0(i-3) = (3.0+ 0 .0 )/2  =1.5 (3.5)
Aj.3 = (3 .0- 1 .5 )/r =0.88 (3.6)
2. The Moisture Content and Oil Addition
7
O(moisture) = (10 .0+  0 .0 ) / 2  = 5 .0 % (3.7)
Z 0(oil) = (20.0 + 0.0) / 2  =  10.0 (l /t ) (3.8)
^moisture =  (10.0 - 5 .0 ) /r  = 2 .9 4 % (3.9)
=  (20.0 - 10.0) /r  = 5.88 (L/x) (3.10)
The variation of each parameter is listed in Table 3.5.
Table 3.5 The Variation of Parameters
H i p i2 pi3 PM PO
r 3.00 3.00 3.00 10.00 20.00
1 2.38 2.38 2.38 7.94 15.88
0 1.50 1.50 1.50 5.00 10.00
-1 0.62 0.62 0.62 2.06 4.12
-r 0.00 0.00 0.00 0.00 0.00
The material was prepared according to the Quadratic Regressive 
Orthogonal Design, as shown in Table 3.6 and Table 3.7, then it was mixed 
in a 100 (L) capacity mixer for 12 minutes. After sampling, the samples were 
sieved in a series of sieves which were cooled down by liquid Nitrogen, to 
prevent any agglomerates that may have formed from breakage during sieving.
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Table 3.6 Second Set Experimental Plan(QROD)



























































Table 3.7 The Plan for Material Preparation
No. p ii p i2 p i3 PM PO X! x2 x3 x4
1 2.38 2.38 2.38 7.94 15.88 29.59 20.84 14.66 34.91
2 2.38 2.38 2.38 2.06 4.12 29.59 20.84 14.66 34.91
3 2.38 2.38 0.62 7.94 4.12 61.73 11.32 7.97 18.97
4 2.38 2.38 0.62 2.06 15.88 61.73 11.32 7.97 18.97
5 2.38 0.62 2.38 7.94 4.12 29.59 43.47 7.97 18.97
6 2.38 0.62 2.38 2.06 15.88 29.59 43.47 7.97 18.97
7 2.38 0.62 0.62 7.94 15.88 61.73 23.63 4.33 10.31
8 2.38 0.62 0.62 2.06 4.12 61.73 23.63 4.33 10.31
9 0.62 2.38 2.38 7.94 4.12 29.59 20.84 30.62 18.96
10 0.62 2.38 2.38 2.06 15.88 29.59 20.84 30.62 18.96
11 0.62 2.38 0.62 7.94 15.88 61.73 11.32 16.63 10.32
12 0.62 2.38 0.62 2.06 4.12 61.73 11.32 16.63 10.32
13 0.62 0.62 2.38 7.94 15.88 29.59 43.47 16.63 10.32
14 0.62 0.62 2.38 2.06 4.12 29.59 43.47 16.63 10.32
15 0.62 0.62 0.62 7.94 4.12 61.73 23.63 9.04 5.61
16 0.62 0.62 0.62 2.06 15.88 61.73 23.63 9.04 5.61
17 3.00 1.50 1.50 5.00 10.00 40.00 24.00 9.00 27.00
18 0.00 1.50 1.50 5.00 10.00 40.00 24.00 36.00 0.00
19 1.50 3.00 1.50 5.00 10.00 40.00 15.00 18.00 27.00
20 1.50 0.00 1.50 5.00 10.00 40.00 60.00 0.00 0.00
21 1.50 1.50 3.00 5.00 10.00 25.00 30.00 18.00 27.00
22 1.50 1.50 0.00 5.00 10.00 100.00 0.00 0.00 0.00
23 1.50 1.50 1.50 10.00 10.00 40.00 24.00 14.40 21.60
24 1.50 1.50 1.50 0.00 10.00 40.00 24.00 14.40 21.60
25 1.50 1.50 1.50 5.00 20.00 40.00 24.00 14.40 21.60
26 1.50 1.50 1.50 5.00 0.00 40.00 24.00 14.40 21.60
27 1.50 1.50 1.50 5.00 10.00 40.00 24.00 14.40 21.60
28 1.50 1.50 1.50 5.00 10.00 40.00 24.00 14.40 21.60
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Where X p X^, X3 and X4 represent the weight percentage
size fraction. The total weight of material for each experiment (WT) 
(Kg), so the weight of water and oil would be as follows:
PM * WT
W = -----------------water
100 - PM 
PO * WT











§4.1 Results of First Set Experiments
The first set of experiments were carried out with binary mixtures to 
investigate the relationship between the bulk density and size segregation under 
different height conditions. Since the total weight and the weight of each size
fraction was obtained for each sample, the bulk density and the segregation
index (%wt of large particles / %wt of small particles) were calculated.
Based on these results, the iso-bulk density (Db ) maps and 
iso-segregation index(Si) maps were plotted, as shown in Appendix(A-3). 
From the iso-bulk density maps, it can be seen that, although there are some 
differences with the increasing of drop height, the bulk density distributions 
are quite similar. That is, no matter what kind of size ratio is used and 
discharging height employed, the bulk density always increases from both 
wall sides to the centre. This result is quite different from that reported
by Kaegi[4i], which shows the highest bulk density area being located under
the discharging point. This difference is almost certainly due to the fact that 
Kaegi[4i] employed a single charging point whereas in the present work two 
charging points were used. Compared with the bulk density distribution, the 
iso-segregation index distribution results are very scattered, with the 
distribution being dependent upon the size ratio and the discharging height 
used. .
Based on the results referred to above and in Figure 4.1, it is quite
o bv ious th a t there  is no  corresponding  relation  betw een  the bulk  density  and 
size  seg reg a tio n  in  m acro -analysis term s( the co rre la tio n  coeffic ien t is on ly  













60.0 80.0 100.0 120.0 140.0
Segregation Index
Fig. 4.1 Relation B etw een Size Segregation and B ulk Density
T h ere  are tw o possib le  reason s fo r such a resu lt, one is the 
d ifference  in  the m icro-structure o f the m ixture, and the other is the difference 
in  in teractions betw een particles and particles, and particles and walls.
N o rm ally , w hen  w e m easu re  the size  seg reg a tio n  o f  a m ix tu re , fo r 
exam ple  in  a  binary m ixture, by using the ratio  % L/% S to represent the degree 
o f  seg reg a tio n , w e m ake a m acro-m easurem ent. T h is is because the on ly  
in fo rm atio n  w e obtain  is w hat percentage o f  partic les passes through the sieve, 
and how  m uch  still rem ains on the sieve, —  it does not give any in form ation  
ab o u t the orig inal m icro-structure  o f  the m ixture , that is, how  w ell the large 
and  sm all partic les are m ixed together. H ow ever, this m icro-structure  can also
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a ffec t the  b u lk  density . F o r exam ple, co nsider th e  case  fo r w hich  the size 
seg reg a tion  in dex  o f  a sam p le  w ithdraw n from  the b inary  m ix tu re  o f  1 2 0 0  
jim (L ) and  375 }im (S) coa l pa rtic les  is 1.5, i.e . % L = 60, %S = 40. T he  
experim en ta lly  determ ined  relation  betw een the bulk  density  and the percentage 
o f  each  com ponen t in un ifo rm  m ixtures o f this coal system  is show n in F igure 
4 .2 . U sin g  th ese  data , the re la tio n sh ip  be tw een  bu lk  density  and the 
"m ix ing  index (A )" o f  the 60 :40  m ix tu re  considered  can  be obtained by the 
"A dd itive  R ule" given in  A ppendix(A -5). T he resu lt is show n in T able  4.1 
and  F igu re  4.3.
Fig. 4 .2  R elation B etw een Percentage o f  C om ponent in B inary and Bulk Density
Table 4.1 Calculated Results From Figure 4.2
A * (% ) 0 20 40 60 80 100
p B (K g/m 3) 841 .0  866 .0  890 .0  9 1 5 .0  93 9 .0  964 .0
* A: the m ixing index(see A ppendix(A -4)).
7 2
Fig. 4.3 Relation Betw een A (% ) and B ulk  D ensity
Pia. 4 . 4  Schem e o f P ostu lated  M ixing Stateo *
F rom  F igure 4.3 , it can be seen  th a t th e  bulk density  increases
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with increasing index A. This means, that the same macro-result of size 
segregation in samples having different micro-structures, e.g. Figure 4.4, gives 
a very different bulk density. Of course, this result is based on simplifying 
the complicated mixture system, but generally, the tendency should be similar, 
no matter how complex the mixture is.
The different micro-structure, although it could explain why there is 
no corresponding relationship between bulk density and size segregation(Figure 
4.1), still can not give a convincing explanation why bulk density is highest at 
the centre part, and lowest at the walls. Because the probability of particles 
going down the slope of the heap from each side is the same, then the 
amounts of each component at the same position in each side should also be 
the same. However, the results did not show that the same amounts were 
present at the wall sides and at the centre. Since the difference in 
micro-structure can not account for such a big difference in the observed bulk 
density, the contributing factor for the difference must also include the 
different interactions between particles and particles, and particles and walls. 
From the energy conversion point of view, when the particles move down 
from the top of the heap, and if in the process they strike each other or 
hit the wall, their momentum will be:
F * t  = Mx * Vj - M2 * V 2 (4.1)
Where F is the striking force, t is the impact time, M is the mass 
and V is the velocity. Since at the wall shown in Figure 4.5, V2 = 0,
so:
7 4
F * f r W 1 = u l * w l (4.2)
CHARGING POINT
Fig. 4.5 Particles M ovin g  to W all
At the cen ter p an , since the two stream s o f  p a n ic le s  m ove down from the 
sam e heigh t at same time( Figure 4.6), then V 2 should  be -V r  Therefore
CHARGING POINT CHARGING POINT
Fig. 4.6 Particles From Two Slopes Moving Down To Centre
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Fc * t = Ml *  Vj - M2 * (-V j)
Fc * t = (M j + M2) *  Vj (4.3 )
From Equation (4.2) and Equation (4.3), if the impact time is same, the 
striking force among the particles is much higher at the centre part than at the 
wall side, that is
Fc Mj + M2
-------  = ------------------  (4.4)
Fw M,
It is reasonable to postulate that, at the wall side, when particles roll 
down from top of the heap and hit the wall, the interactive force between the 
particles can not be large enough, so a loose packing layer is formed, and the 
rolling of particles ceases when the angle of the heap becomes the angle of 
repose. Since the packing formed is loose, some fine particles can percolate 
through the pores between coarse particles, hence the mixture in this area 
would be non-uniform with height, -some parts containing more fine particles 
and some parts containing more coarse particles. By contrast, at the centre, 
the momentum of the particles is clearly greater than at the wall side, then 
a dense packing layer would be formed. Since the angle of repose is same, 
then in order for the dense packing layer to be formed, more material must 
be involved. Hence, compared with the wall side, the centre part would 





In o rd e r to exam ine  w hether o r no t these  postu la tes are reasonable, one 
ex p erim en t w as repeated  w ith 1200 - 375 (jim ) b inary  m ix tu re  o f coal at half m eter 
height. A fte r the  coal was charged  w ith  coal, enough  w ater was poured into 
the m odel w hich was then placed in a freezer so that the coal could be frozen 
to ge th er. A fte rw ards tw o sam ples w ere  w ithdraw n from  the wall side and 
cen tre  o v e r the heigh t o f  the m odel. T hese w ere  cu t into sm all pieces, as 
show n in F igure  4.7, and then dried  and sieved. T he resu lts are given in Table 4.2 
and T ab le  4 .3 .
Table 4.2 Measuring Results From Wall Side
T est N o. % L %S Si
1 0 .44 0 .56 0.80
2 0.51 0 .49 1.06
3 0.50 0 .50 1 . 0 0
4 0.51 0 .49 1 . 0 2
5 0.48 0 .5 2 0 .92
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cont.
6 0.47 0.53 0.89
7 0.52 0.48 1.06
8 0.56 0.44 1.30
9 0.67 0.33 2.09
10 0.54 0.46 1.20
11 0.47 0.53 0.86
12 0.48 0.52 0.94
13 0.48 0.52 0.94
14 0.49 0.51 0.97
Table 4.3 Measuring Results From Centre Part
Test No. %L %S Si
1 0.56 0.44 1.30
2 0.63 0.37 1.74
3 0.61 0.39 1.54
4 0.61 0.39 1.54
5 0.62 0.38 1.61
6 0.62 0.38 1.62
7 0.67 0.33 2.09
8 0.68 0.32 2.10
9 0.64 0.36 1.73
10 0.65 0.35 1.83
11 0.66 0.34 1.93
Because the sample size was small, it is reasonable to assume that,
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within the sample, the mixture was uniform.
From Table 4.2 and Table 4.3, it is obvious that the postulates are 
supported by the experimental results quite well. At centre part, when mixture 
of particles moves down from the top of the heap, some fine particles 
percolate through the gaps of large particles on the surface of the heap. 
However, at the bottom, since the impacting of two streams of particles 
results in a dense packing, so that the fine particles almost can not percolate 
further to any extent there, hence the result is an almost uniform mixture. 
Comparing the results in Table 4.3 with Figure 4.2, it can be seen that the 
percentage of the large size component is always in the range of highest bulk 
density. This is because more materials move down the centre part, so more 
fines will percolate on the slope of heap, hence, in the bottom region, the 
percentage of large size component is much higher at centre part than at 
wall side.
However, results in Table 4.2 show that, in the loose packing at the 
wall, the percolation effect occurs all the time. The four layers along the 
height(in Table 4.2), i.e., Samples 2 to 4, Samples 5 to 6, Samples 7 to 10 
and Samples 11 to 14, contain different percentages of large and small size 
components, viz first and third contain more large size component; second 
and fourth contain more small size component. Also, the percentage of large 
particles is not in the region corresponding to the highest bulk density(Figure 
4.2). Consequently, the bulk density is always lower at wall side than at 
centre part. In general, at the wall side, the mixture is non-uniform and is 
of low bulk density.
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The results also show that, even for the uniform and dense packing, 
if the percentage of the large size component is not located in the optimum 
region, of around 60% in Figure 4.2, the bulk density will be still lower. The 
area under the charging point is an example of this, as shown in 
Appendix(A-3).
From the above discussions, it can be concluded that, the foregoing 
explanation is only applicable in a system with at least two discharging 
points. For the single point discharging systems, the result will be much 
different as there is no interaction of two streams of particles. In general, 
the average in-bin bulk density of multiple charging point systems should be 
much higher than that of single point charging system.
§4.2 Results of Second Set Experiments
The experiments conducted in the second set were designed to 
investigate the influence of moisture content, oil addition and size distribution 
on the size segregation and bulk density. The results are presented in Table 
4.4, and the correlation equation takes the form:
Y = F ( PIj; PI2; PI3; PM; PO) (4.5)
Where Y is the mean value of bulk density or size segregation index(standard
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deviation from mean), PIX - PI3 are the Particulate Indices, PM is moisture 
content, PO is the oil addition.
Table 4.4 The Results of Second Set Experiments































The coefficients of the functional relationship of Equation (4.5) were 
determined by standard methods[22]. After substitution of the calculated values 
of the coefficients, the regressive equations for size segregation and bulk 
density are Equation (4.6) and Equation (4.7) respectively.
Si = 1.65 + 0 .26*P I2 - 0 .1 7 *P I3 - 0.12*P M  + 0.08*P O  
- 0.09*P I1* P I 2 + 0 .0 3 8 *P I1*P M  + 0 .0 4 4 *P I3*P M  
- 0.004*(P O )2 (4.6)
DB = 54 0.0  + 38 .0*P Ij + 2 7 .0 *P I 2 + 2 1 0 .0 *P I 3 - 2.0
♦ P I/P O  - 3 7 .0 * (P I3) 2 -4.0*P I3*PM  - 2.0*P I3*P O  
+ 0.8*P M *P O  (4.7)
From Equation (4.6) and Equation (4.7), the effects of each variable 
and their interactions on size segregation and bulk density can be found.
8 2
4.2.1 Influence of Moisture Content and Oil Addition 
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Fig. 4.8 Relation B etw een M oisture C ontent and Size Segregation
T he seg reg ation  in dex  v ersu s m o is tu re  c o n ten t w as p lo tted  at 
d ifferen t levels o f  oil addition w hen Particu late Index w as set at zero level, 
as show n in  F igure 4.8.
A lthoug h , fro m  F igu re  4 .8 , it can  be  seen  th a t the segregation  
in c rea se s  s ligh tly  w ith  the in c rea s in g  m o is tu re  c o n ten t, the  resu lt is
8 3
co n trad ic to ry  to  that given in  the literature[93]. T here are tw o possib le  reasons 
fo r  th is  s itua tion ; f irs t is  th a t d iffe ren t m ateria ls  w ere  u sed  in the 
experim ents , and second one involves the standard deviation  o f  the system.
53 75 125 355 710 1400 2800 4000
Particle Size (pm)
Fig. 4.9 Size D istribution o f O riginal Coal
Particle Size (jim)
Fig. 4 .10 Size D istribution o f  O riginal C oal w ith 6%  M oisture
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T h e  behavior o f  a  pow der largely depends upon w hether the pow der 
can  b e  co n sid e red  cohesive o r cohesion less. T he m ateria l used in this study, 
v iz  co a l, is  a cohesive  m aterial, so w hen  m ixing  coal w ith m oisture, m any 
agg lo m era te s  a re  form ed; consequently , the size distribution is changed and the 
p e rce n ta g e  o f  la rg e  partic les is m uch h igher than  the orig inal value. For 
ex am p le , co m p arin g  the size d istribu tion  o f  o rig inal dry  coal in F igure 4.9, 
w ith  th e  size  distribution o f  the coal w ith 6 % m oisture content in Figure 4.10, 
i t  is ob v io u s th a t the size d istribution  in  F igure 4 .9  has m oved tow ards large 
sizes. P rev io u s  investigations[55,94] have g iven the effect o f m oisture content 
on  th e  ang le  o f  repose as show n in F igure 4.11 [9 4 ]. These results show a
Fig. 4.11 R elation B etw een M oisture C ontent and Repose A ngle of Coal [9 4 ]
slow  in c rease  o f  the angle o f  rep ose  w hen the m oisture is increased, up 
to a m ax im u m  value at about 1 2 % m oisture content, then gradually decreasing
w ith  fu rth e r  m oistu re  content uptake. S ince, in general, the angle o f repose a
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is inversely related to the particle diameter d as follows[i8]:
. a = q / d  + S (4.8)
where q and S are parameters with values particular to the powder.
Equation(4.8) clearly shows that the repose angle of small and 
medium size particles is much larger than the angle of repose of large 
particles, hence, most large agglomerates will move down to the bottom, 
which has been observed in the present experiments. Although the angle of 
heap is also larger than the repose angle of medium size agglomerates, as 
their size and mass are not large enough to overcome the frictional resistance 
having been increased by moisture, therefore, most medium size agglomerates 
remain around the charging point together with small agglomerates instead of 
rolling down to the bottom. This means that moisture can affect the motion 
of small and medium size agglomerates very much. However, under the same 
experimental conditions, this influence on the large agglomerates is very 
limited. Hence, when wet material is charged into the oven, the separation 
of large and small particles is more pronounced than that in the dry coal, 
that is, more pronounced size segregation is obtained along with moisture 
content increase( Because of the limitation of experimental apparatus, the 
highest moisture content employed was 10%. If moisture were increased 
further, the situation would be different, because agglomerates would become 
soft and weak, so they will be easily broken when poured onto the heap). On 
the other hand, sand, the experimental material reported in the literature[93], 
is cohesionless material, so there are almost no agglomerates or quasi-particles 
formed during mixing with moisture. Even if a few sand agglomerates are
formed, their structure would be very weak, and they will be easily broken 
during discharging. This conclusion is supported by the results of 
Bridgwatertii] showing that cohesionless powders do not form agglomerates 
capable of withstanding tension. Hence, the size distribution of sand does not 
change with moisture. The moisture only can increase the friction among the 
particles, i.e. the angle of repose. Hence, moisture makes sand mixtures much 
more uniform than dry sand after discharging. In other words, the size 
segregation of the wet sand is minimized remarkably, but that of wet coal 
is actually increased(Figure 4.8).
With regard to the segregation index in contributing an explanation 
for the contradiction, it is noted that the mean value of standard deviations of 
whole container as segregation index may be different from the index, called 
coefficient of segregation, used in the calculation for the free flowing sand[93], 
but it was not shown how this coefficient was obtained. However, it is 




From Figure 4.12, it can be seen that, for all moisture contents
investigated, size segregation increases with increasing oil addition up to about
10 (L/T), then, it decreases as oil addition increase. This explains why, in
Figure 4.8, the Lines 1, 2 and 3 coincide with Lines 6, 5 and 4,
respectively. The mechanism for this effect has not been reported in the
literature. It may be that when oil addition is lower than 10 (L/y), increasing
oil addition mainly increases the percentage of agglomerates, and does not 
affect the inter cohesion among the particles very much. So, the large 
particles and agglomerates can roll down to the bottom easily. When the oil
addition is higher than 10 (L/x), it is likely that the increase of inter cohesion
among the particles results in more large particles to remain around the pouring 
point instead of rolling down, so the mixture becomes more uniform.
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Moisture Content; (%)
“E" Line 1: 0.0  
Line 2: 2.5 
-o - Line 3: 5.0  
-o -  Line 4: 7.5  
Line 5; 10.0
Fig. 4.12 Relation Between Oil Addition and Size Segregation
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4.2.2 Influence of Moisture Content and Oil Addition
on Bulk Density
Oil Addition: (L/T)
“a -  Line 1: 0.0 
Line 2: 4.0  
Line 3: 8.0 
-o -  Line 4: 12.0 
"*■ Line 5: 16.0 
Line 6: 20.0
0 .0  2 .0  4 .0  6 .0  8.0 10.0
M oisture C ontent (%)
Fig. 4.13 Relation Between Moisture Content and Bulk Density
For the bulk density with different oil addition, the results in Figure 
4.13 show that, at low oil addition(< 8 L/T), the bulk density decreases with 
increase of moisture content. It is noted that Line 1, i.e. no oil addition, is 
similar to the first half of the curve in Figure 4.14[86](< 10% moisture 
content) which is relationship between bulk density and moisture content of 
coal obtained by Japanese investigators[86]. Comparing Figure 4.8 with Figure 
4.13, it can be seen how, at low oil addition(Lines 1-3 ), the size 
segregation affects the bulk density, i.e., size segregation results in a decrease
8 9
Fig. 4.14 Relation Between Bulk Density of Coal and Moisture Content[86]
of bulk density with increase of moisture content. But when oil addition is
higher than 8 (L/T)(Lines 4-6), the tendency becomes opposite, the bulk density
increases with moisture content, so this can not be explained from the size 
segregation point of view. Probably, it is because, at this stage, due to more 
and more agglomerates, the intra-porosity and inter-porosity give more 
significant influence on bulk density than size segregation does. It is known 
that the relationship between bulk density and porosity is as follows:
de =PP* d-e=.._)inter
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Where pp is particle density. When the material is cohesionless, pp will
equal the true density of the material, pp. If the material is not cohesive,
i.e., when moisture exists, then agglomerates may be formed, the relationship 
will be as follows when moisture is involved:
p = p *  ( 1 - )
r P r T  v mtra7
From above two equations, it is obvious that there is direct and indirect 
relationship between DR and 8. , and Du and 8. , that is, an increase of
8. or 8. will result in a decrease of Dn, i.e., the bulk density. For the
initial values of bulk density, i.e., that at zero moisture, introducing oil into 
the mixture will result in the formation of agglomerates, which, at low oil 
addition(20 L/T is less than 0.2%) would be expected to be strong enough to 
prevent the agglomerates from deformation. This means that the total porosity 
is increased, therefore, the bulk density(initial value) decreases with oil 
addition. When moisture is introduced and increased, the situation becomes 
different, as the water would fill the pores within agglomerates so that 
agglomerates become denser and denser. As moisture content is increased 
further, the resultant combination of oil and moisture can be expected to 
lead to a decrease of friction among particles in the agglomerates, so the 
deformation of agglomerates would occur easily during discharging. Hence 
both intra- and inter-porosity would be greatly reduced. Consequently, under
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these conditions, the bulk density can increase remarkably with increase of 
moisture content.
The results in Figure 4.15 show that, the relationship between bulk 
density and oil addition is similar to the results in Figure 4.13. When moisture 
content is lower than 7.5% ( first three Lines), the bulk density decreases with 
oil addition. As the moisture content is increased further, the tendency becomes 
opposite, i.e., the bulk density increases with the increase of oil added(Line 5). 
It is expected that reasons for the results in Figure 4.15 are also same as 
those for the results in Figure 4.13.
o
Moisture Content: (%)
-D- Line 1: 0.0  
Line 2: 2.5 
Line 3: 5.0 
Line 4: 7.5  
Line 5: 10.0
Fig. 4.15 Relation Between Oil Addition and Bulk Density
4.2.3 The Combinations
From the results shown in Figures 4.8 and 4.12, it can be seen
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that the interaction of moisture content and oil addition only change the initial 
value of size segregation; the value increases at first, then after reaching peak 
value, it decreases. However, for the bulk density in Figure 4.13 and 4.15, it 
is clearly seen that the interaction changes both initial values and the slopes 
of the curves, for example, the values of bulk density curves at 10%
moisture or 20 (V ^) oil addition are reversed, compared with initial values. 
But, in general, these four figures do not show the relationships very clearly.
Figure 4.16 and Figure 4.17 present the relationship among size 
segregation, bulk density and moisture content and oil addition in a different 
way, respectively. Although there is no essential distinction between Figure 4.16  
and the combination of Figures 4.8 and 4.12, as well as between Figure 
4.17 and the combination of Figures 4.13 and 4.15, Figures 4.16 and 4.17 
show the overall relationships in a much clearer perspective. Thus, from the 
viewpoint of size segregation (Figure 4.16), moisture content results in its 
slight increase, and the influence of oil addition is similar to that in Figure 
4.12. However, the effects of these two variables on bulk density are
complicated. In zone I(PM< 6.5% approximately, PO< 8 (L/T)), as one
variable(moisture content or oil addition) is kept constant, bulk density is 
lowered with increase of the other variable(oil addition or moisture content).
However, in zone H(PM< 5.5% and PO> 8 (ty-jO)» bulk density is increased 
with moisture, but decreased with oil addition. In zone III(PM> 7.7%  
approximately and PO< 5.0 (^/jO), the bulk density is increased with oil 
addition and decreased with moisture, and in zone IV(PM>6.5% and PO> 8.2 
(L/t )X both moisture and oil addition can increase the bulk density. Zone 
V, i.e., shaded area, has a constant iso-value of bulk density. A very useful
9 3
Fig. 4.16 Iso-Segregation Index Distribution
Fig. 4.17 Iso-Bulk Density Distribution
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result for practical operation is that, the bulk density could be easily increased
by increasing oil addition up to about 4.0 (L/T), if the moisture content is
around 9% , and it can be seen from Figure 4.16, this increase does not 
increase the size segregation very much.
4.2.4 Influence of The Particulate Indices
In order to make relationship between size distribution and Particulate 
Index clear, Equations (3 .1), (3.2) and (3.3) are expressed as follows:
100
X l = ----------------  (4.9)
PI3 + 1
100 * PI3
X2 = -------------------  (4.10)
(PI2 + 1)(PI3 + 1)
100 * PI2 *  PI3
X3=  ----------------------------  (4.11)
( P I j + l X P ^ + l X P L j  + l)
100 *  PIj * P ^  *  PI3x4=-------------------
(P I1 + 1)(PI2 + 1)(PI3 + 1)
(4.12)
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Where X 1 + X2 + X3 + X4 = 100%.
4.2.4.1 COARSE INDEX
Effect of the Coarse IndexiPIj) on size segregation at various
moisture and oil content is shown in Figure 4.18. The results in Figure 4.18 
show that, at low moisture content and oil addition( PM < 5% , PO < 10
(L/t))> size segregation decreases with increase of Coarse Index. When the
moisture content and oil addition are higher than those values, the curves are 
reversed, and the initial values of size segregation are also lower than those 
at low moisture content and oil addition. A possible reason for this 
phenomenon is that, at low moisture and oil addition, only relatively few 
agglomerates can form, hence, percentage of coarse particles remains small. 
When this kind of coal is discharged into a coke oven, most of these coarse 
particles readily sink into the powder bed around the discharging points 
because, as noted by Johanson[38], loose bed and low friction conditions 
prevail there. Therefore, at this stage of low moisture and oil addition, the size 
segregation results from the fine particles concentrating around discharging
points. From Equations (4.11) and (4.12), it can be seen that increase of PIp
i.e. the Coarse Index, will result in a decrease of X3( 355, 1400 mm) and an
increase of X4( > 1400 mm). Hence, within certain range, increasing the 
Coarse Index can increase uniformity of the bed, i.e. minimize the size 
segregation of fine particles.
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- D - 3: 5.0 10.0
- 0 - 4: 7.5 15.0
5: 10.0 20.0
Fig. 4.18 Relation Between Coarse Index and Size Segregation
When moisture content and oil addition are increased further, higher 
than 5% and 10 (L/T) respectively, the situation is reversed. A possible
explanation is that, under these conditions, many agglomerates form during 
mixing, the percentage of coarse particles may therefore easily exceed the critical 
range, hence the size segregation of coarse particles at the bottom of the heap 
world expected to be is predominant. Thus, decreasing the Coarse Index can 
reduce size segregation.
However, as far as bulk density is concerned, Figure 4.19 shows 
that, except for Line 5, four other Lines show the bulk density increasing 
with Coarse Index increase, and that the rate of increase of bulk density 
gradually decreases from Line 1 to Line 4. Compared with Figure 4.18, it is 
obvious that the influence of size segregation on bulk density is from
9 7
quantitative change to qualitative change, i.e., the size segregation first reduces 
the increasing rate of bulk density increase(Lines 1-4), and then, the tendency 
is reversed(Line 5), i.e. the bulk density decreases slightly as Coarse Index 
increases.
PM PO
-o - 1: 0.0 0.0
2: 2.5 5.0
-D- 3: 5.0 10.0
—O- 4: 7.5 15.0
5: 10.0 20.0
Fig. 4.19 Relation Between Coarse Index and Bulk Density
4.2.4.2 POWDER INDEX
From Figure 4.20, it can be seen that the size segregation increases 
with increase of Powder IndexCPy, no matter what the moisture content and
oil additions are. These two variables only change initial value of size 
segregation. From Equations (4.10), (4.11) and (4.12), it is obvious that, as
pI2 increases, Xj remains constant, and only X2 is reduced and X3, X4 
increase. The result is a two peak size distribution. The effects of this
distribution on the bulk density and segregation are similar to the effects of a 
binary mixture system, rather than a continuous size distribution mixture, 
because each peak size fraction, like one component in a binary mixture, 
has significant effect on packing. So when this kind of mixture is poured to 
form a heap, the particles will separate more sharply, because there is not 
enough medium size particles to fill in the gaps among large particles and to 
be the host particles for the fine particles. Therefore, the size segregation 
becomes more pronounced as Powder Index increases.
9 8
PM PO
-o - ;L: 0.0 0.0
:l :  2.5 5.0
-Eh ;3: 5.0 10.0
-0 - 1k 7.5 15.0
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Fig. 4 .20 Relation B etw een Pow der Index and Size Segregation
F igu re  4.21 show s th a t the b u lk  d en sity  in creases w ith  in crease  o f 
P ow d er Index . A s m entioned  befo re , in crease  o f  P ow der Index resu lts  in a 
tw o p eak  size  d istribu tion , so the situation  is s im ila r to  the first h a lf o f  the 
curve fo r the binary m ixture o f  the coal in  F igure 4.2; the percentage o f  large 
p a rtic les  d o es  n o t reach  the o p tim u m  p o in t w h ich  g ives the h ighest bulk 
density . H ence, although an increase  o f  P o w d er Index  resu lts in an increase
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Fig. 4.21 Relation Between Powder Index and Bulk Density
4 ,2 .4 3  FINE INDEX
The effect of the Fine Index(PI3) on size segregation and bulk
density are shown in Figures 4.22 and 4.23, respectively. It is obvious that 
the results presented in Figure 4.22 are almost same as those in Figure 4.18 
except for the different initial values, and in all probability for similar reasons, 
viz, the size segregation of fine particles at low moisture content and oil 
addition, and that of coarse particles predominating at high moisture content 
and oil addition. The only difference between the two cases is a decrease in
the percentage of fine p a rtic les^), whilst at same time, increasing the others( 
X2, X3 and X4) instead of keeping Xj and X 2 constant and increasing X4
100
only, as was the case in Figure 4.18.
PM PO
-Q- 1: 0.0 0.0
2: 2.5 5.0
-O- 3: 5.0 10.0
-0 - 4: 7.5 15.
5: 10.0 20.0
Fig. 4.22 Relation Between Fine Index and Size Segregation
As for the bulk density variation, Figure 4.23 shows that bulk 
densities all increase sharply to a certain value and then either increase more 
slowly or decrease with the increase of Fine Index. The moisture content and 
oil addition only change the initial bulk density values and coordinates of the 
peaks. It can be seen that, compared with Figure 4.22, at low moisture 
content and oil addition(moisture content<2.5%, oil addition<5.0 L/T), there is a 
good inverse correlation between size segregation and bulk density, that is, 
bulk density increases as size segregation decreases. When moisture content 
and oil addition are higher than the values mentioned above, the overall 
porosity ( inter and intra) probably produces significant effects on bulk 
density at an early stage, so that along with the increase of Fine Index, 
i.e., decrease of percentage of fine particles, the porosity drops down to the 
minimum. At the same time, size segregation, resulting from more and more
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coarse particles, shows its effect on bulk density gradually. Thus after the 
porosity reaches a minimum, the size segregation is considered as predominant 
factor. Therefore, bulk density decreases as Fine Index increases.
PM PO
1: 0.0 0.0 
2: 2.5 5.0 
3: 5.0 10.0 
4: 7.5 15.0 
5: 10.0 20.0
Fig. 4.23 Relation Between Fine Index and Bulk Density
As a summary, one practical result which emerges from this study 
is that, under the usual conditions operating in practice, i.e., very low oil
addition(1.25 l /t ) and quite high moisture content( about 9%), an increase of
the three Particulate Indices can increase the coal bulk density, as shown in 
Figure 4.24. From a practical point of view, this means relatively 
minimizing the percentage of fine particles and increasing the amount of 
coarse particles. However, as concurrently there is also an increase of size 
segregation which is presented in Figure 2.25, this effect should also be 
considered when deciding to increase bulk density by changing the size 
distribution of coal. This is because the size segregation can give rise to
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As far as is known, this is the first time that an attempt has 
been made to investigate the influence of size segregation on the bulk 
density in a model coke oven as a function of different operating
variables, such as size distribution, moisture content and oil addition. 
Initially, it was expected that the relationship between bulk density and size 
segregation could be described quantitatively. Soon after, it became clear that 
no such relationship appeared to be emerging. So, subsequent work was 
mainly concentrated on establishing the influences of size distribution, 
moisture content and oil addition on the bulk density and size segregation, 
and finding the influence of size segregation on bulk density indirectly.
The results of this study have shown that:
1. For the mixtures which have the same size segregation index, i.e., 
the same macro-measurement results, the different micro-structure 
of the mixture can give very different bulk density results. 
Therefore, there is no corresponding relationship between bulk 
density and size segregation. So, in general, prediction of the 
bulk density of a mixture from its state of mixing and vice 
versa should not be expected.
2 . It is not possible to provide a single analytical model for 
describing the size segregation behaviour of particulate mixtures, 
especially when moisture and oil additions are introduced
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into the mixture because they make the behaviour of particulate 
mixture much complicated. However, it is possible to obtain a 
statistical model for the size segregation behaviour in some 
particular cases, such as in a coke oven, which is helpful in 
practice.
3 . Size segregation in the coke oven is different from that in the
heap formed on the ground. In the coke oven, the particles are 
stopped at the oven wall, instead of rolling as far as they can 
on an unrestricted heap. Additionally, the accumulation of particles 
at the wall results in the discrete motion of the particles so that 
different size particles move as a bulk. Therefore, the size 
segregation in the coke oven should be less pronounced than that 
in the heap on the ground.
4 . Multipoint charging of a coke oven gives higher bulk density
than that of a single point charging because the interaction 
between adjacent streams of particles can result in a dense 
packing zone between the charging points.
5 . Discharging height does not show significant influence on bulk
density, but it can change the distribution of size segregation 
very much.
6 . Moisture addition always results in a slight increase of size
segregation, no matter what the oil addition is. The only
difference is that, nil addition or highest oil addition(20L/T) give
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the lowest initial value of size segregation. On the other hand, the 
bulk density always decreases with an increase of the moisture
content when oil addition is lower than 8 (l/t)> but when oil
addition is higher than 8 (l/t), then moisture increases the bulk 
density.
7 . For the coal size distribution shown in Figure 3.1, at a low 
moisture content(<2.5%) and oil addition(<5.0 L/T), the size
segregation results from the fine particles concentrating around the 
discharging point, so increasing the percentage of coarse 
particles(> 1400 fim) or minimizing the percentage of fine 
particles(<125 p.m) improves the uniformity of the bed, i.e., 
minimizes the size segregation and also increases the bulk 
density. However, when moisture content and oil additions are 
higher than these values, the situation becomes the opposite, i.e., 
size segregation increases with increase in the amount of coarse 
particles or decrease in the amount of fine particles. The bulk 
density, however, is enhanced by these conditions, but the rate of 
increase is reduced gradually. The presence of medium size 
particles can increase not only bulk density, but also size 
segregation at all times.
8 . For usual operating condition in practice, properly minimizing the 
percentage of fine particles and increasing the amount of coarse 
particles can increase bulk density.
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§A-1. The Calculation of Si &  Db
1. The Si and Db of Binary Mixture
For the first set of experiments with binary mixtures were 
calculated as follows:
WTotal = WL + w s 
%L = WL / WTotal
%S = Ws / w Total 
Si = %L / %S 
Db = WTotal / VSample
For example, if the experimental results are: WL = 46.8, Ws = 37.7 and
V s  ample 141.12(it was always constant), the Si and Db will be 1.24 and 
598.78(Kg/m 3), respectively.
2. The Si and Db of Continuous Size Distribution
For calculation of the standard deviation (i.e., Si) for the
114
contineous size distribution, a BASIC program was used. In this program, 
D(J,I) is the weight corresponding to the size A(I), which is the size of 
sieve. The program withdraws the data automatically from data file.
10ON ERROR GOTO 450  
20DIM D(50,9), W(9), S(50), A(10) 
30INPUT ’’DATA FILE NAME:”; FILES 
40Y  %=OPENIN(FILE$)
50N=8
60FOR J=1 TO 21 





120FOR 1=1 TO 8 
130READ A ®
140NEXT I 
150FOR J=1 TO 21









240FOR 1=1 TO 8 
250W(I)=D(J,I)* 100/T 
260M=M+W (I)*(A(I))2 





320PRINT "TOTAL WEIGHT:"; T, "BULK DENSITY:"; B 
330FOR 1=1 TO 8





450REPORT: PRINT "at line"; ERL 
460CLOSE £0
470DATA 6.3,4.0,2.8,1.4,0.71,0.355,0.125,0.038  
480END
$A-2. The Programs for Data Processing
1. The Program for Calculating the Mean Values of Si and Db
Because the arithmetic mean of the samples does not represent
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the mean value of whole model, following program was used to calculate 
this value. In the program, A and B are the limits of integration, which are 
0.0 and 10.0 respectively. E is the sensitivity of integration. FNS(X,Y) is the 




40PRINT "THE MEAN VALUE IS:"; U
50END 





320C=AB S (A)+AB S (B)
330H2=0.5*(B-A)
340X=A  




390GOBUS 640  






460FOR J=1 TO N2 
470X =X +2.0*H 2  
480GOSUB 640  




530U =0.33333333333*(4.0*T 2-T 1)
540N2=N2+N2 
560IF N2<8 THEN 580











6 8 0 J1 =H 1 *(FNS (X, Y 1 )+FNS (X, Y2))
690Y=Y1-H1 
700J2=0.5*J1 







780IF N0<8 THEN 800








2 , The Program For Regression
This is a step down multiple linear regressive program. It was used 
for regressive analysis of all the experimental results. In the program, N is the 
number of data, i.e., number of samples or experiments, P is the number of 
items in the regressive equation and FI is the precision of regresión.
30PRINT
40DATA 20,28, 0.3, MMINFACTOR”
50DATA
119




570REM STEP DOWN MULTIPLE LINEAR REGRESSION 
580READ P, N, FI, A$
590M=P+1 :EP=IE-8: ER=IE+10
600DIM X(N, M), A(M, M), XM(M), XY(M), L(N), E(N), F(P), T(P), 
B(P)
610FOR 1=1 TO N 
620FOR J=1 TO 5 
630READ X(I, J)
640NEXT J
650X(I, 6)=X(I, 1)*X(I, 1)
660X(I, 7)=X(I, 1)*X(I, 2)
670X(I, 8)=X(I, 1)*X(I, 3)
680X(I, 9)=X(I, 1)*X(I, 4)
690X(I, 10)=X(I, 1)*X(I, 5)
710X(I, 11)=X(I, 2)*X(I, 2)
720X(I, 12)=X(I, 2)*X(I, 3)
730X(I, 13)=X(I, 2)*X(I, 4)
740X(I, 14)=X(I, 2)*X(I, 5)
760X(I, 15)=X(I, 3)*X(I, 3)
770X(I, 16)=X(I, 3)*X(I, 4)
780X(I, 17)=X(I, 3)*X(I, 5)
800X(I, 18)=X(I, 4)*X(I, 4)
810X(I, 19)=X(I, 4)*X(I, 5)
830X(I, 20)=X(I, 5)*X(I, 5)
860RE AD X(I, M)
870NEXTI
880PRINT "*** MEAN ***"
890FOR J=I TO M 
900C=0






970FOR 1=1 TO M 
980FOR J=1 TO M 
990C=0







1070FOR K=1 TO P 
1080ABS(A(K, K))>EP THEN 1150 
1090FOR I=K+1 TO P 
1100IF ABS(A(I, K))>EP THEN 1140 
1110NEXTI
1120PRINT "NO UNIQUE SOLUTION OR NO SOLUTION 
1130GOTO 1860
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1140 GOSUB 1260 
1150C=1/A(K, K ) : H=0 
1160FOR J=1 TO M 
1170D=C*A(K, J)
1180FOR 1=1 TO P
1190IF I< >K AND J< >K THEN A(I, J)=A(I, J)-A(I, K)*D ELSE IF
I=K AND J=K THEN A(K, K)=C ELSE IF J< >K THEN A(K, J)=D
ELSE E(I)=-A(I, K)*C
1200NEXT I:NEXT J
1210FOR 1=1 TO P





















1420S GM=S QR(Q/ (N-M+H))
1430IF A$="MINFACTOR" GOTO 1450
1440IF 2*SGM>ER THEN 1770 ELSE ER=2*SGM
1450F=(U/P)/(Q/(N-M+H))
1460PRINT'SO='';SO,"U=";U."Q=M;Q,,,R=";R,"F=',;F,"SGM=";SGM 
1470PRINT "Y=";S: PRINTMY=";S 
1480FOR 1=1 T O P












1610FOR J=K+1 TO P




1650IF F(K)>FI THEN 1770 
1660FOR 1=1 T O P 
1670FOR J=1 TO M




1710FOR 1=1 T O P
1720FOR J=1 TO M




TAB(45);; "Y (i)-Y* Y 
1780FOR J=1 TO N 
1790L(J)=BO 
1800FOR 1=1 TO P 
1810L( J)=B (I) *X (I, J)+L(J)
1820E(J)=X(J, M)-L(J)
1830NEXTI




$A-3 Iso-maps of Segregation Index
and Bulk Density
Since the particle  size o f  b inary  m ix tu re  in  No. 9 experim ent was 
too  fine  fo r d ischarging from  1.0(m ) heigh t, m uch  m ateria l was inevitably 
lo st and  only  som e 70 percent o f  the m ix tu re  end ed  in the m odel, so the 
















HEIGHT (M3 : 1. 0 S I Z E :  1 200-94
Iso-Bulk Density Distribution
1 3 0








$A-4 Definition of Mixing Index(A)
T he M ixing Index was sim plified and defined  as follows; that is, as 
tw o  size  p artic les are com pletely  separated , A = 0. I f  20%  o f each size 
partic les are m ixed uniform ly, the A will equal to 20.




2 0 %  U N I F O R M  M IX T U R E
S M A L L  PA R TIC LES
A=20 %
L A R G E  PA R T IC L E S




U N I F O R M  MIXTURE A = 100 %
$A-5 Additive Rule
F or the binary particle  size m ixture , the fo llow ing  A dditive Rule
w as used  to calculate- the bulk density p B in Table 4.1:
PB = Puniform * A  + < PL * %L + PS * %S ) * < 1 '  A )
W h ere  P uniform l^ e Pea^  value(0 .964) in F igu re  4 .2  w hich is ob tained by 
m ix in g  60%  o f coarse and 40%  o f fine coal unifo rm ly . A  is the m ixing index.
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pL and ps are the bulk density of coarse and fine coal particles respectively.
%L and %S are the percentage of weight and equal to 0.6 and 0.4 
respectively.
Therefore, when A equals to 0.2, for example, the bulk density is 
calculated as follows:
PB = Puniform * A + < PL * % L  + PS * %S ) * < 1 ' A ) 
= 0.964 * 0.2 + ( 0.855 *0.6 + 0.82 * 0.4 ) * ( 1 - 0.2 )
= 0.866
§A-6 Results of Second Set Experiments
All the results, listed in the following, are calculated results, from 
the original data which were too numerous to be listed. For the segregation 
indices, the results are the arithmetic mean values of two samples which have 
same numbers, because they are symmetrical about the discharging points, 
rather than centre line of the model(like bulk density distribution).
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A-5-1
Size Distribution in Weight Percent:
-125 Jim -315 Jim -1.4mm + 1.4mm
Moisture Content(%):7.94 Oil Addition(L/T): 15.88
29.59 20.84 14.66 34.91
Test No. Si D b Test No. Si D b
1 20.49 822.00 1 20.49 802.15
2 17.62 841.84 2 17.62 811.37
3 17.36 827.66 3 17.36 822.00
4 13.85 834.04 4 13.85 841.13
5 16.48 853.17 5 16.48 864.51
6 21.67 814.91 6 21.67 837.59
7 15.60 858.84 7 15.60 863.80
8 17.66 859.55 8 17.66 881.52
9 15.04 876.56 9 15.04 907.03
10 18.35 905.61 10 18.35 951.67
11 22.03 839.71 11 22.03 848.92
12 19.72 839.00 12 19.72 911.99
13 19.67 847.51 13 19.67 926.16
14 16.79 880.81 14 16.79 913.41
15 18.08 895.70 15 18.08 931.12
16 19.76 892.15 16 19.76 892.86
17 17.97 887.90 17 17.97 894.98
18 19.51 924.04 18 19.51 932.54
19 20.24 942.46 19 20.24 912.70
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The Size Distribution in Weight Percentage are: 
-125jim -315jim -1.4mm + 1.4mm
29.59 20.84 14.66 34.91
A-5-2
Moisture Content(%) :2.06 Oil Addition(L/T) :4.12
Test No. Si D b Test No. Si D b
1 14.48 895.69 1 14.48 838.29
2 10.27 886.28 2 10.27 845.38
3 11.90 878.68 3 11.90 885.06
4 10.96 982.85 4 10.96 983.56
5 12.23 885.06 5 12.23 921.91
6 15.57 875.85 6 15.57 882.94
7 13.07 887.90 7 13.07 905.61
8 11.92 948.84 8 11.92 939.63
9 12.30 949.55 9 12.30 953.80
10 15.11 965.14 10 15.11 971.51
11 15.68 945.29 11 15.68 952.38
12 13.35 939.63 12 13.35 958.76
13 12.99 984.98 13 12.99 979.31
14 12.68 1032.45 14 12.68 980.02
15 15.43 1045.92 15 15.43 1056.55
16 16.95 962.30 16 16.95 939.63
17 12.38 970.80 17 12.38 953.09
18 17.08 989.94 18 17.08 978.60
19 14.94 1029.62 19 14.92 995.61
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Size Distribution in Weight Percent:
-125jim -315 Jim -1.4mm +1.4mm
61.73 11.32 7.97 18.97
A-5-3
Moisture Content(%):7.94 Oil Addition(L/T):4.12
Test No. Si D b Test No. Si D b
1 13.35 794.36 1 13.35 751.84
2 13.47 791.52 2 13.47 779.48
3 11.15 781.60 3 11.15 768.14
4 10.43 780.19 4 10.43 795.07
5 9.22 822.70 5 9.22 804.99
6 11.37 775.23 6 11.37 762.47
7 12.62 802.15 7 12.62 784.44
8 12.45 800.03 8 12.45 804.28
9 12.42 817.04 9 12.42 841.13
10 10.02 822.00 10 10.02 839.71
11 12.64 751.13 11 12.64 782.31
12 13.49 814.91 12 13.49 792.23
13 10.89 827.66 13 10.89 809.24
14 13.69 835.46 14 13.69 819.87
15 11.22 849.63 15 11.22 851.76
16 15.48 902.78 16 15.48 822.00
17 16.80 899.94 17 16.80 824.12
18 16.52 889.31 18 16.52 865.93










Test No. Si D b Test No. Si D b
1 16.63 692.32 1 16.63 685.94
2 13.56 725.62 2 13.56 723.50
3 13.96 751.13 3 13.96 727.75
4 13.49 756.09 ■ 4 13.49 739.80
5 14.59 757.51 5 14.59 742.63
6 17.71 709.33 6 17.71 748.30
7 14.23 734.13 1 14.23 753.26
8 15.05 756.09 8 15.05 757.61
9 14.01 774.52 9 14.01 780.19
10 15.77 752.55 10 15.77 807.82
11 20.16 741.92 11 20.16 742.63
12 16.19 787.27 12 16.19 766.01
13 16.65 791.52 13 16.65 780.19
14 15.69 795.78 14 15.69 802.86
15 17.82 802.86 15 17.82 824.83
16 17.52 785.86 16 17.52 810.66
17 15.22 802.15 17 15.22 814.91
18 18.64 824.12 18 18.64 831.92
19 19.08 839.71 19 19.08 863.80
1 4 0
Size Distribution in Weight Percent:
-125|im -315jim -1.4mm + 1.4mm
29.59 43.47 7.97 18.97
A-5-5
Moisture Content(%) :7.94 Oil Addition(L/T) :4.12
Test No. Si D b Test No. Si D b
1 16.74 790.82 1 16.74 782.31
2 12.11 799.32 2 12.11 786.56
3 8.17 813.49 3 8.17 794.36
4 10.32 836.17 4 10.32 816.33
5 12.03 841.13 5 12.03 824.83
6 14.73 810.66 6 14.73 801.45
7 14.89 826.96 7 14.89 811.37
8 13.67 834.04 8 13.67 819.16
9 11.36 865.22 9 11.36 845.38
10 10.57 871.60 10 10.57 870.89
11 14.87 838.29 11 14.87 829.08
12 15.32 842.55 12 15.32 843.96
13 14.67 849.63 13 14.67 846.09
14 11.86 877.27 14 11.86 867.35
15 10.17 886.48 15 10.17 877.27
16 13.68 856.72 16 13.68 825.54
17 10.35 856.72 17 10.35 836.88
18 13.60 887.19 18 13.60 864.51
19 14.81 868.06 19 14.81 873.02
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Size Distribution in Weight Percent:
-125jim -315jim -1.4mm + 1.4mm
29.59 43.47 7.97 18.97
A-5-6
Moisture Content(%):2.06 Oil Addition(L/T):15.88
Test No. Si D b Test No. Si D b
1 16.09 749.01 1 16.09 736.96
2 17.10 766.72 2 17.10 767.43
3 13.14 773.81 3 13.14 783.73
4 11.39 794.36 4 11.39 800.03
5 13.79 812.07 5 13.79 809.90
6 16.69 745.46 6 16.69 767.43
7 12.93 766.01 7 12.93 791.52
8 13.08 772.39 8 13.08 807.82
9 12.23 794.36 9 12.23 823.41
10 12.78 807.82 10 12.78 843.25
11 14.94 792.23 11 14.94 783.73
12 10.34 817.04 12 10.34 792.94
13 13.46 814.20 13 13.46 817.74
14 11.83 833.33 14 11.83 841.84
15 13.61 853.88 15 13.61 858.84
16 12.07 823.41 16 12.07 814.20
17 12.55 846.80 17 12.55 838.29
18 13.09 855.30 18 13.09 851.05
19 13.46 877.27 19 13.46 866.64
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Size Distribution in Weight Percent:
-125 Jim -315 Jim -1.4mm + 1.4mm
61.73 23.63 4.33 10.31
A-5-7
Moisture Content(%):7.94 Oil Adchtion(L/T): 15.88
Test No. Si D b Test No. Si D b
1 21.50 733.42 1 21.50 736.25
2 18.76 745.46 2 18.76 743.34
3 19.43 775.94 3 19.43 758.22
4 15.04 782.31 4 15.04 764.60
5 17.96 792.94 5 17.96 775.23
6 19.18 732.71 6 19.18 728.46
7 18.17 746.88 7 18.17 753.26
8 18.49 778.06 8 18.49 770.27
9 16.01 782.31 9 16.01 788.69
10 20.43 797.90 10 20.43 802.15
11 22.61 827.66 11 22.61 768.85
12 20.33 802.15 12 20.33 778.77
13 18.37 795.78 13 18.37 792.23
14 17.10 815.62 14 17.10 809.24
15 19.41 814.20 15 19.41 818.45
16 20.88 814.91 16 20.88 794.36
17 18.43 740.50 17 18.43 807.11
18 20.29 826.96 18 20.29 811.37
19 19.08 840.42 19 19.08 829.79
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Size Distribution in Weight Percent:
-125fim -315jim -1.4mm + 1.4mm
61.73 23.63 4.33 10.31
A-5-8
Moisture Content(%) :2.06 Oil Addition(L/T) :4.12
Test No. Si D b Test No. Si D b
1 9.35 690.90 1 9.35 683.11
2 8.67 722.79 2 8.67 706.49
3 6.99 734.84 3 6.99 736.25
4 8.94 747.59 4 8.94 749.01
5 8.33 789.40 5 8.33 772.40
6 8.63 700.82 6 8.63 692.03
7 9.57 746.88 7 9.57 722.79
8 7.99 762.47 8 7.99 747.59
9 8.60 780.19 9 8.60 766.72
10 11.01 795.78 10 11.01 795.49
11 10.40 730.58 11 10.40 729.17
12 12.59 763.89 12 12.59 755.39
13 10.01 781.60 13 10.01 743.34
14 11.31 790.82 14 11.31 783.73
15 9.96 807.11 15 9.96 783.73
16 12.43 788.69 16 12.43 773.81
17 9.35 815.62 17 9.35 790.82
18 13.31 831.21 18 13.31 805.70
19 11.26 826.25 19 11.26 829.79
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Size Distribution in Weight Percent:
-125 Jim -315fim -1.4mm + 1.4mm
29.59 20.84 30.62 18.96
A-5-9
Moisture Content(%):7.94 Oil Addition(L/T):4.12
Test No. Si D b Test No. Si D b
1 18.74 746.17 1 18.74 814.20
2 13.17 776.64 2 13.17 827.66
3 12.63 764.60 3 12.63 806.41
4 11.77 787.27 4 11.77 825.54
5 11.79 822.70 5 11.79 825.54
6 17.32 766.72 6 17.32 804.99
7 15.62 802.86 7 15.62 817.74
8 13.94 829.08 8 13.94 817.74
9 12.66 848.92 9 12.66 823.41
10 13.94 877.98 10 13.94 857.43
11 15.62 836.88 11 15.62 819.16
12 14.34 860.97 12 14.34 829.08
13 12.21 843.25 13 12.21 835.46
14 12.92 857.43 14 12.92 851.05
15 11.18 882.23 15 11.18 875.14
16 16.34 914.12 16 16.34 819.87
17 14.82 929.00 17 14.82 850.34
18 15.62 932.54 18 15.62 897.11
19 15.82 936.79 19 15.82 887.19
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A-5-10
Moisture Content(%):2.06 Oil Addition(L/T): 15.88
Size Distribution in Weight Percent:
-125|im -315 Jim  -1.4mm + 1.4mm
29.59 20.84 30.62 18.96
Test No. Si D b Test No. Si D b
1 20.09 763.89 1 20.09 755.39
2 16.95 783.73 2 16.95 780.89
3 16.71 787.98 3 16.71 780.19
4 14.12 797.90 4 14.12 816.33
5 16.82 812.78 5 16.82 823.41
6 17.10 791.52 6 17.10 735.52
7 13.07 804.28 7 13.07 727.04
8 15.42 797.19 8 15.42 774.52
9 14.14 830.50 9 14.14 834.75
10 15.49 848.92 10 15.49 854.59
11 18.39 837.59 11 18.39 821.29
12 13.87 848.21 12 13.87 827.66
13 13.39 852.47 13 13.39 844.67
14 11.95 867.35 14 11.95 858.13
15 15.75 897.82 15 15.75 908.45
16 16.24 858.84 16 16.24 841.84
17 14.40 877.27 17 14.40 873.02
18 14.11 894.98 18 14.11 884.35
19 14.75 913.41 19 14.75 904.20
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Size Distribution in Weight Percent:
-125|im -315(im -1.4mm +1.4mm
61.73 11.32 16.63 10.32
A-5-11
Moisture Content(%):7.94 Oil Addition(L/T): 15.88
Test No. Si D b Test No. Si D b
1 20.74 720.66 1 20.74 721.37
2 16.29 743.34 2 16.29 740.50
3 17.14 770.98 3 17.14 758.22
4 16.25 782.31 4 16.25 776.64
5 17.52 780.90 5 17.52 797.90
6 21.65 738.38 6 21.65 744.76
7 17.17 766.72 7 17.17 765.80
8 16.93 784.44 8 16.93 781.60
9 15.83 789.40 9 15.83 802.86
10 19.40 795.07 10 19.40 812.07
11 20.44 752.55 11 20.44 790.82
12 17.62 787.98 12 17.62 800.03
13 17.63 807.82 13 17.63 808.53
14 15.52 800.74 14 15.52 852.47
15 19.18 822.00 15 19.18 865.93
16 18.07 836.17 16 18.07 790.11
17 14.52 837.59 17 14.52 813.57
18 17.88 837.59 18 17.88 833.33
19 16.13 833.33 19 16.13 844.67
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Size Distribution in Weight Percent:
-125 Jim -315 Jim  -1.4mm + 1.4mm
61.73 11.32 16.63 10.32
A-5-12
Moisture Content(%) :2.06 Oil Addition(L/T) :4.12
Test No. Si D b Test No. Si D b
1 8.42 644.84 1 8.42 654.76
2 8.95 668.23 2 8.95 667.52
3 11.12 724.21 3 11.12 712.16
- 4 9.45 721.37 4 9.45 722.79
5 8.13 697.99 5 8.13 708.62
6 8.97 683.11 6 8.97 669.64
7 12.46 717.83 7 12.46 721.37
8 11.30 746.88 8 11.30 753.97
9 10.53 747.59 9 10.53 767.43
10 8.94 727.04 10 8.94 751.13
11 10.94 665.39 11 10.94 680.27
12 14.74 721.37 12 14.74 707.91
13 14.10 773.81 13 14.10 759.64
14 13.51 768.14 14 13.51 778.06
15 12.42 731.29 15 12.42 766.72
16 15.38 742.63 16 15.38 749.01
17 13.53 787.27 17 13.53 791.52
18 13.97 772.39 18 13.97 775.23
19 15.58 807.82 19 15.58 817.74
1 4 8
A-5-13
Moisture Content(%):7.94 Oil Addition(I/T): 15.88
Size Distribution in Weight Percent:
-125 Jim -315 Jim -1.4mm +1.4mm
29.59 43.47 16.63 10.31
Test No. Si D b Test No. Si D b
1 22.85 782.31 1 22.85 762.47
2 21.08 791.52 2 21.08 778.06
3 20.40 787.27 3 20.40 785.86
4 15.95 807.82 4 15.95 796.49
5 18.16 827.66 5 18.16 817.11
6 20.68 830.50 6 20.68 769.56
7 19.11 831.92 7 19.11 791.52
8 20.01 814.20 8 20.01 803.57
9 19.03 835.46 9 19.03 843.96
10 17.90 866.64 10 17.90 833.33
11 16.81 817.04 11 16.81 801.45
12 17.96 824.12 12 17.96 809.24
13 20.18 845.38 13 20.18 815.62
14 18.29 851.05 14 18.29 842.55
15 17.83 878.68 15 17.83 855.30
16 19.78 836.88 16 19.78 817.74
17 20.86 853.88 17 20.86 847.51
18 20.81 869.47 18 20.81 858.84
19 18.81 875.14 19 18.81 863.10
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A-5-14
Size Distribution in Weight Percent:
-125 Jim -315 Jim -1.4mm + 1.4mm
29.59 43.47 16.63 10.31
Moisture Content(%) :2.06 Oil Addition(L/T) :4.12
Test No. Si D b Test No. Si D b
1 14.37 787.27 1 14.37 742.63
2 11.50 785.15 2 11.50 760.35
3 9.69 787.27 3 9.69 768.85
4 10.32 802.86 4 10.32 784.44
5 10.35 809.95 5 10.35 814.91
6 11.56 794.36 6 11.56 779.48
7 9.66 797.90 7 9.66 797.19
8 9.87 814.91 8 9.87 860.97
9 9.70 833.33 9 9.70 836.17
10 12.39 842.55 10 12.39 854.59
11 12.50 813.49 11 12.50 800.74
12 11.20 825.54 12 11.20 826.25
13 9.39 850.34 13 9.39 843.96
14 14.03 860.26 14 14.03 885.77
15 12.81 858.84 15 12.81 897.11
16 9.81 825.54 16 9.81 830.50
17 12.66 867.35 17 12.66 887.19
18 12.20 863.10 18 12.20 896.40
19 9.70 909.86 19 9.70 870.60
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Size Distribution in Weight Percent:
-125jim -315 Jim -1.4mm +1.4mm
61.73 23.63 9.04 5.61
A-5-15
Moisture Content(%):7.94 Oil Addition(L/T):4.12
Test No. Si Db Test No. Si Db
1 9.06 615.79 1 9.06 630.67
2 10.50 644.84 2 10.50 666.10
3 9.75 693.03 3 9.75 683.82
4 10.19 686.65 4 10.19 702.95
5 8.06 693.74 5 8.06 702.24
6 11.68 644.13 6 11.68 636.34
7 10.93 671.06 7 10.93 673.89
8 10.42 694.44 8 10.42 702.24
9 8.82 703.66 9 8.82 705.78
10 12.95 713.58 10 12.95 712.87
11 13.32 647.68 11 13.32 651.22
12 12.51 676.73 12 12.51 680.27
13 10.59 690.90 13 10.59 719.25
14 9.56 708.62 14 9.56 724.21
15 11.96 721.37 15 11.96 720.66
16 11.78 697.56 16 11.78 683.82
17 11.30 719.95 17 11.30 719.95
18 11.24 720.66 18 11.24 723.50
19 13.78 745.46 19 13.78 747.59
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Size Distribution in Weight Percent:
-125 Jim -315jim -1.4mm +1.4mm
61.73 23.63 9.04 5.61
A-5-16
Moisture Content(%):2.06 Oil Addition(L/T): 15.88
Test No. Si D b Test No. Si D b
1 19.95 668.23 1 19.95 646.26
2 16.55 685.94 2 16.55 669.64
3 16.21 691.61 3 16.21 696.57
4 15.06 709.33 4 15.06 712.87
5 14.40 725.62 5 14.40 717.12
6 20.44 683.11 6 20.44 666.81
7 16.68 704.37 7 16.68 660.43
8 19.14 735.54 8 19.14 714.29
9 15.20 745.46 9 15.20 736.25
10 20.22 761.05 10 20.22 745.46
11 20.70 688.78 11 20.70 672.48
12 16.44 728.46 12 16.44 707.20
13 18.93 753.26 13 18.93 739.09
14 15.34 775.94 14 15.34 749.72
15 19.64 768.14 15 19.64 749.72
16 18.41 727.04 16 18.41 714.29
17 19.43 792.23 17 19.43 751.13
18 18.45 763.18 18 18.45 741.00
19 19.01 779.48 19 19.01 762.47
1 5 2
Size Distribution in Weight Percent:
-125}im -315jim -1.4mm +1.4mm
40.00 24.00 9.00 27.00
A-5-17
Moisture Content(%):5.00 Oil Addition(L/T): 10.00
Test No. Si D b Test No. Si D b
1 19.30 786.56 1 19.30 764.60
2 14.31 793.65 2 14.31 772.39
3 12.69 794.36 3 12.69 787.98
4 13.75 811.37 4 13.75 806.41
5 16.00 837.59 5 16.00 818.45
6 19.14 819.87 6 19.14 790.01
7 14.07 829.79 7 14.07 817.04
8 15.94 781.61 8 15.94 781.61
9 13.54 849.63 9 13.54 833.33
10 - 18.58 865.93 10 18.58 848.21
11 20.69 824.12 11 20.69 812.07
12 15.37 834.04 12 15.37 816.33
13 16.54 839.71 13 16.54 828.37
14 15.14 853.88 14 15.14 841.84
15 19.16 863.80 15 19.16 861.68
16 16.06 837.59 16 16.06 838.29
17 13.76 848.21 17 13.76 847.51
18 18.93 873.72 18 18.93 869.47
19 17.35 877.98 19 17.35 880.81
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Size Distribution in Weight Percent:
-125|im -315jim -1.4mm + 1.4mm
40.00 24.00 36.00 0.00
A-5-18
Moisture Content(%):5.00 Oil Addition(L/T): 10.00
Test No. Si D b Test No. Si D b
1 17.61 773.81 1 17.61 758.93
2 13.54 784.44 2 13.54 775.23
3 14.64 794.36 3 14.64 785.15
4 11.78 797.19 4 11.78 814.91
5 12.13 816.33 5 12.13 831.21
6 14.80 780.19 6 14.80 770.27
7 16.05 797.90 7 16.05 782.31
8 15.52 809.95 8 15.52 795.78
9 11.57 821.29 9 11.57 820.58
10 12.35 844.67 10 12.35 840.42
11 17.61 800.74 11 17.61 797.90
12 15.33 817.74 12 15.33 807.11
13 12.52 831.21 13 12.52 831.21
14 10.73 836.88 14 10.73 837.59
15 12.83 853.88 15 12.83 845.38
16 12.56 822.70 16 12.56 809.95
17 11.05 841.13 17 11.05 842.55
18 13.63 848.92 18 13.63 854.59
19 14.13 871.60 19 14.13 865.93
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A-5-19
Moisture Content(%):5.00 Oil Addition(L/T): 10.00
Size Distribution in Weight Percent:
-125 Jim -315jim -1.4mm +1.4mm
40.00 15.00 18.00 27.00
Test No. Si Db Test No. Si Db
1 19.49 835.46 1 19.49 775.94
2 14.11 830.50 2 14.11 795.78
3 15.45 836.17 3 15.45 802.15
4 15.65 860.97 4 15.65 819.16
5 18.20 886.48 5 18.20 846.09
6 19.12 848.92 6 19.12 826.96
7 15.53 844.67 7 15.53 836.88
8 16.79 841.13 8 16.79 844.67
9 14.04 865.22 9 14.04 864.51
10 18.65 897.82 10 18.65 909.86
11 18.35 888.61 11 18.35 874.43
12 16.88 894.98 12 16.88 858.84
13 15.75 892.15 13 15.75 873.72
14 12.24 900.65 14 12.24 882.23
15 18.88 932.54 15 18.88 919.78
16 15.38 890.73 16 15.38 865.22
17 13.83 899.23 17 13.83 885.77
18 16.41 895.69 18 16.41 895.69
19 15.53 926.87 19 15.53 931.83
1 5 5
A-5-20
Moisture Content(%):5.00 Oil Addition(L/T): 10.00
Size Distribution in Weight Percent:
-125 Jim -315}im -1.4mm +1.4mm
40.00 60.00 0.00 0.00
Test No. Si D b Test No. Si D b
1 14.34 714.99 1 14.34 704.37
2 13.59 744.05 2 13.59 725.62
3 11.43 758.22 3 11.43 749.01
4 8.93 765.31 4 8.93 759.64
5 10.47 775.94 5 10.47 776.64
6 13.00 718.54 6 13.00 723.50
7 13.46 736.96 7 13.46 736.89
8 10.94 753.26 8 10.94 763.89
9 9.35 771.68 9 9.35 775.23
10 9.53 787.98 10 9.53 793.65
11 15.91 732.71 11 15.91 746.17
12 13.34 758.93 12 13.34 758.22
13 14.65 776.64 13 14.65 778.77
14 11.62 783.02 14 11.62 786.56
15 13.65 804.28 15 13.65 802.15
16 12.93 752.55 16 12.93 765.31
17 12.45 772.39 17 12.45 797.19
18 12.47 780.19 18 12.47 795.78
19 14.32 804.28 19 14.32 809.95
1 5 6
Size Distribution in Weight Percent:
-125jim -315 Jim -1.4mm +1.4mm
25.00 30.00 18.00 27.00
A-5-21
Moisture Content(%):5.00 Oil Addition(L/T): 10.00
Test No. Si D b Test No. Si D b
1 21.95 829.08 1 21.95 807.11
2 17.26 841.13 2 17.26 808.53
3 17.13 839.71 3 17.13 814.20
4 14.89 843.25 4 14.89 843.96
5 18.27 871.60 5 18.27 857.43
6 19.79 838.29 6 19.79 836.88
7 15.98 846.09 7 15.98 848.21
8 15.94 843.25 8 15.94 849.63
9 13.72 868.06 9 13.72 867.35
10 14.90 909.16 10 14.90 894.98
11 22.10 860.26 11 22.10 853.88
12 18.58 825.54 12 18.58 845.38
13 17.02 909.86 13 17.02 856.01
14 15.00 907.74 14 15.00 878.68
15 17.56 933.96 15 17.56 928.29
16 15.27 914.12 16 15.27 854.59
17 15.20 923.33 17 15.20 870.18
18 18.77 934.67 18 18.77 919.08
19 20.15 949.55 19 20.15 902.78
1 5 7
Size Distribution in Weight Percent:
-125 Jim  -315 Jim  -1.4mm +1.4mm
100.00 0.00 0.00 0.00
A-5-22
Moisture Content(%):5.00 Oil Addition(L/T):l0.00
Test No. Si D b Test No. Si D b
1 16.24 544.22 1 16.24 542.80
2 16.37 554.14 2 16.37 576.81
3 18.10 559.81 3 18.10 585.32
4 16.27 567.60 4 16.27 601.62
5 15.37 583.90 5 15.37 614.37
6 15.08 543.51 6 15.08 557.68
7 16.49 572.56 7 16.49 586.73
8 16.30 587.44 8 16.30 616.50
9 18.12 603.74 9 18.12 623.58
10 15.58 612.24 10 15.58 625.00
11 17.93 573.27 11 17.93 571.85
12 16.52 595.95 12 16.52 585.32
13 17.69 624.29 13 17.69 627.13
14 16.11 620.04 14 16.11 632.79
15 19.97 617.91 15 19.97 611.54
16 17.37 595.95 16 17.37 601.62
17 20.12 640.59 17 20.12 656.18
18 19.62 622.87 18 19.62 626.42
19 22.34 657.60 19 22.34 649.09
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A-5-23
Size Distribution in Weight Percent:
-125|im -315|im -1.4mm +1.4mm
Moisture Content(%): 10.00 Oil Addition(L/T): 10.00
40.00 24.00 14.40 21.60
Test No. Si Db Test No. Si Db
1 21.33 782.31 1 21.33 789.40
2 18.86 795.07 2 18.86 803.57
3 17.47 797.19 3 17.47 802.15
4 17.47 810.66 4 17.47 822.70
5 17.42 839.00 5 17.42 857.43
6 23.00 818.45 6 23.00 814.20
7 21.03 831.92 7 21.03 831.92
8 18.71 834.75 8 18.71 824.83
9 17.02 843.96 9 17.02 846.09
10 17.29 875.85 10 17.29 875.85
11 21.16 841.13 11 21.16 819.87
12 19.20 858.84 12 19.20 832.62
13 19.93 855.30 13 19.93 831.21
14 15.58 866.64 14 15.58 868.06
15 16.90 892.86 15 16.90 894.98
16 18.28 841.13 16 18.28 869.47
17 15.58 845.38 17 15.58 876.56
18 15.21 854.59 18 15.21 883.65
19 20.66 868.06 19 20.66 889.31
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A-5-24
Moisture Content(%):0.00 Oil Addition(L/T): 10.00
Size Distribution in Weight Percent:
-125 Jim -315|im -1.4mm +1.4mm
40.00 24.00 14.40 21.60
Test No. Si D b Test No. Si D b
1 13.67 761.05 1 13.67 788.69
2 14.80 768.85 2 14.80 794.36
3 13.13 786.56 3 13.13 799.32
4 13.13 804.99 4 13.13 826.25
5 14.42 824.12 5 14.42 842.55
6 15.33 774.52 6 15.33 836.17
7 13.66 795.07 7 13.66 837.59
8 14.84 811.37 8 14.84 857.43
9 16.35 840.42 9 16.35 869.47
10 15.95 852.47 10 15.95 880.81
11 17.12 798.61 11 17.12 803.57
12 11.83 813.49 12 11.83 826.25
13 15.48 827.66 13 15.48 827.66
14 14.34 849.63 14 14.34 872.31
15 19.03 866.64 15 19.03 877.27
16 17.14 858.13 16 17.14 875.85
17 18.82 875.85 17 18.82 868.06
18 16.35 894.98 18 16.35 903.49
19 18.51 892.86 19 18.51 904.20
1 6 0
A-5-25
Moisture Content(%):5.00 Oil Addition(I/T):20.00
Size Distribution in Weight Percent:
-125 Jim -315 Jim -1.4mm -f 1.4mm
40.00 24.00 14.40 21.60
Test No. Si D b Test No. Si D b
1 19.66 734.13 1 19.66 733.42
2 17.12 748.30 2 17.12 747.59
3 17.48 749.01 3 17.48 758.93
4 15.00 768.85 4 15.00 773.10
5 18.71 807.82 5 18.71 795.78
6 21.41 767.43 6 21.41 753.30
7 15.62 788.69 7 15.62 764.60
8 17.42 777.35 8 17.42 786.56
9 15.64 806.24 9 15.64 809.95
10 17.87 832.62 10 17.87 831.21
11 19.44 799.32 11 19.44 768.14
12 16.46 812.07 12 16.46 769.56
13 15.45 831.21 13 15.45 793.65
14 13.94 832.62 14 13.94 814.20
15 17.35 850.34 15 17.35 821.29
16 17.84 819.87 16 17.84 788.69
17 17.69 860.97 17 17.69 819.16
18 18.58 854.59 18 18.58 831.92
19 16.27 865.93 19 16.27 831.21
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A-5-26
Moisture Content(%) :5.00 Oil Addition(L/T) :0.00
Size Distribution in Weight Percent:
-125{im -315|im -1.4mm +1.4mm
40.00 24.00 14.40 21.60
Test No. Si D b Test No. Si D b
1 8.90 759.64 1 8.90 759.64
2 12.25 758.22 2 12.25 790.11
3 10.11 785.15 3 10.11 797.19
4 10.57 805.70 4 10.57 823.41
5 8.12 811.37 5 8.12 858.13
6 9.31 783.02 6 9.31 785.86
7 11.33 812.29 7 11.33 813.49
8 10.90 822.70 8 10.90 831.92
9 10.48 849.63 9 10.48 856.72
10 8.34 862.39 10 8.34 844.67
11 12.02 822.70 11 12.02 805.70
12 13.31 851.05 12 13.31 839.00
13 12.01 841.84 13 12.01 856.01
14 11.48 882.94 14 11.48 869.47
15 11.46 872.31 15 11.46 870.18
16 11.82 881.52 16 11.82 837.59
17 10.48 882.94 17 10.48 856.01
18 13.67 908.45 18 13.67 890.73
19 12.13 911.99 19 12.13 875.14
1 6 2
Size Distribution in Weight Percent:
-125|im -315 Jim -1.4mm +1.4mm
40.00 24.00 14.40 21.60
A-5-27
Moisture Content(%) :5.00 Oil Addition(L/T): 10.00
Test No. Si D b Test No. Si D b
1 19.51 774.52 1 19.51 746.17
2 13.80 765.31 2 13.80 756.80
3 13.13 772.39 3 13.13 773.10
4 11.71 787.27 4 11.71 797.19
5 16.57 807.11 5 16.57 808.53
6 19.25 796.49 6 19.25 790.82
7 14.40 808.53 7 14.40 804.99
8 15.77 809.24 8 15.77 803.57
9 12.86 837.59 9 12.86 835.46
10 17.35 860.97 10 17.35 860.26
11 17.41 827.66 11 17.41 828.37
12 15.61 832.62 12 15.61 819.87
13 15.69 840.42 13 15.69 836.17
14 16.00 856.01 14 16.00 854.59
15 18.51 888.61 15 18.51 865.93
16 14.11 865.22 16 14.11 849.63
17 14.22 856.01 17 14.22 826.25
18 14.77 880.10 18 14.77 884.35
19 15.13 868.06 19 15.13 862.39
163
Size Distribution in Weight Percent:
-125jim -315|im -1.4mm +1.4mm
40.00 24.00 14.40 21.60
A-5-28
Moisture Content(%):5.00 Oil Addition(L/T): 10.00
Test No. Si D b Test No. Si D b
1 18.37 766.01 1 18.37 761.05
2 13.52 764.60 2 13.52 769.56
3 13.87 785.86 3 13.87 786.56
4 14.75 771.68 4 14.75 802.15
5 16.45 796.49 5 16.45 819.16
6 19.37 840.42 6 19.37 780.90
7 16.81 828.37 7 16.81 792.23
8 15.74 823.41 8 15.74 804.28
9 13.57 834.75 9 13.57 811.37
10 17.48 855.30 10 17.48 831.21
11 19.46 845.38 11 19.46 795.07
12 15.38 831.21 12 15.38 814.20
13 16.24 839.00 13 16.24 827.66
14 14.63 842.55 14 14.63 859.55
15 19.61 871.60 15 19.61 853.88
16 15.89 863.80 16 15.89 822.70
17 14.73 854.59 17 14.73 856.72
18 15.90 856.01 18 15.90 865.93
19 15.00 890.73 19 15.00 874.43
